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PREFACE 

SOME  twenty-five  years  ago  there  appeared  certain 
excellent  books  dealing  with  "  Chemical  Arithmetic." 
They  served,  and  doubtless  still  serve,  a  very  useful  pur- 
pose in  familiarising  students  of  chemistry  with  the 
fundamental  laws  of  their  science,  and  in  teaching  them 
how  to  think  in  a  quantitative  and  accurate  manner.  The 
great  advances  made  by  physical  chemistry  during  the 
last  quarter  of  a  century  have,  however,  created  a  new 
chemical  arithmetic.  Probably  every  teacher  of  physical 
chemistry  has  felt  the  need  of  a  suitable  book  on  this 
subject.  I  suggested,  therefore,  to  Dr.  Prideaux  a  year  or 
two  ago  that  he  might  undertake  to  fill  this  gap  in  our 
scientific  literature. 

In  order  to  gain  some  practical  experience  of  the  needs 
and  capacities  of  students  in  this  respect,  he  conducted  a 
very  successful  "problem  class"  in  connection  with  my 
lectures  to  senior  students  at  Liverpool  University.  The 
fruits  of  this  experience  and  knowledge  are  contained  in 
the  present  volume,  which  ranges  practically  over  the 
whole  field  of  physical  chemistry.  Dr.  Prideaux  has 
carried  out  this  work  in  an  admirable  manner,  so  that 
his  book  may  be  warmly  recommended  to  all  chemists, 
physicists  and  engineers  who  desire  to  obtain  a  grasp 
of  the  fundamental  quantitative  principles  of  modern 
chemical  science. 

F.  G.  DONNAN. 

MUSPRATT  LABORATORY  OF  PHYSICAL 

AND  ELECTRO-CHEMISTRY 

March,  1912. 


AUTHOR'S    PREFACE 

TO  THE 

FIRST   EDITION 

THE  aim  of  the  present  work  is  to  provide  a  series 
of  arithmetical  examples  which  shall  illustrate  the  more 
important  developments  of  Physical  Chemistry.  The  con- 
cepts and  approximation  methods  which  have  introduced 
some  degree  of  order  into  the  phenomena  grouped  under 
this  head  will,  it  is  hoped,  gain  in  definition  and  practical 
utility  if  they  are  used  as  required  for  the  solution  of 
numerical  problems. 

A  previous  knowledge  of  the  fundamental  chemical  laws, 
as  well  as  the  meaning  of  elementary  physical  magnitudes 
and  operations,  has  been  assumed  throughout. 

The  physical  problems  which  have  been  included  are 
such  as  possess  a  particular  importance  for  the  physico- 
chemical  investigator  and  technical  chemist.  For  the  sake 
of  convenience,  the  problems  have  been  arranged  in  sections, 
each  preceded  by  a  brief  introduction.  The  introductions 
are  necessarily  short,  and  include  only  such  summarised 
information  as  is  necessary  for  an  intelligent  working  of 
the  problems.  The  information  conveyed  being,  from  the 
nature  of  the  case,  not  always  sufficient  for  a  complete 
solution,  supplementary  hints  or  specimen  problems  have 
been  added  where  required. 

Subject  to  these  limitations  the  whole  work  has  been 
made,  as  far  as  possible,  progressive  in  character,  sufficient 
knowledge  for  the  solution  of  each  problem  being  contained 
in  the  preceding  sections.  The  aim  being  to  illustrate  and 
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assist  in  further  reading,  rather  than  to  supply  examination 
puzzles,  the  choice  of  problems  has  been  restricted  to  such 
as  can  be  solved  by  the  aid  of  general  principles  and 
elementary  mathematics.  A  multiplication  of  details  has 
been  avoided,  except  in  some  cases  where  the  simple  laws 
which  it  is  desired  to  emphasise  are  immediately  applicable 
to  some  practical  problem. 

A  few  mathematical  formulae  frequently  employed  and 
tables  of  logarithms  have  been  added  in  order  to  make  the 
work  as  self-contained  as  possible. 

Since  a  complete  abstract  of  the  researches  and  theory 
upon  which  the  problems  are  founded  is  out  of  the  ques- 
tion, numerous  references  to  the  original  papers  have  been 
included  in  the  text.  The  principle  of  priority  has  been 
largely  used  as  a  guide  in  the  selection  of  researches, 
especially  in  cases  where  the  earlier  researches,  though  not, 
perhaps,  as  full  and  accurate  as  the  later,  yet  possess  an 
equal  educational  value. 

The  following  books  have  been  found  particularly  useful 
in  dealing  with  the  whole  or  separate  departments  of  the 
subject : — 

Handbuch  der  Anorganische  Chemie  (Abegg). 

Theoretische  Chemie  (Nernst). 

Lectures  in  Theoretical  and  Physical  Chemistry  (Van't 
Hoff,  transl.  Lehfeldt). 

Studies  in  Chemical  Dynamics  (Van't  Hoff,  Cohen,  transl. 
Ewan). 

Thermodynamics  of  Technical  Gas  Reactions  (Haber, 
transl.  Lamb). 

Die  Chemische  Amnitat  und  Ihre  Messung  (Sackur). 

Lehrbuch  der  Allgemeine  Chemie  (Ostwald). 

Thermodynamics  and  Chemistry  (Nernst). 

Theory  of  the  Lead  Accumulator  (Dolezalek,  transl. 
von  Ende). 

Metallurgical  Calculations  (Richards). 
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Heat  Energy  and  Fuels  (v.  Juptner). 

Physical  Chemistry  (Lehfeldt). 

Text-books  of  Physical  Chemistry  (Kamsay's  Series). 

Leitvermogen  der  Elektrolyte  (Kohlrausch). 

Experimentelle  Untersuchungen  von  Gasen  (Travers). 

Physical  Chemistry  (Ewell). 

Physiko-Chemische  Messungen  (Ostwald-Luther). 

I  wish  to  place  on  record  my  indebtedness  to  Professor 
Donnan  for  his  ever  ready  advice  and  criticism,  and  his 
kind  interest  throughout  the  preparation  of  this  work. 

I  should  also  like  to  take  this  opportunity  of  thanking 
the  students  of  Liverpool  University,  who  by  attending  a 
problem  class,  have  supplied  an  additional  incentive  to 
convert  the  somewhat  prolix  results  of  research  into  a 
form  suitable  for  teaching. 

E.  B.  K.  PEIDEAUX. 

March,  1912. 


PREFACE  TO   THE   SECOND   EDITION 

IN  the  present  edition  some  sections 'have  been  omitted 
and  others  expanded.  The  problems  have  in  places  been 
rearranged  and  new  ones  have  been  added.  The  total  effect 
of  the  alterations  has  been  to  shorten  the  book,  while,  at 
the  same  time,  increasing  the  number  of  problems,  and  in 
many  cases  amplifying  the  aids  to  solution.  The  Author's 
best  thanks  are  due  to  Mr.  J.  Guilfoyle  Williams,  B.Sc.,  for 
checking  the  arithmetic  in  proof. 

E.  B.  B.  P. 
December,  1919. 
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Mathematical  Methods  and  Formulae  for 

Reference. 
Calculations. 

The  following  numerical  calculations  can  be  made,  in 
most  cases,  with  the  aid  of  the  included  table  of  four  figure 
logarithms.  There  are  many  examples  for  the  solution  of 
which  a  slide  rule  is  sufficiently  accurate,  while,  in  a  few 
instances,  the  use  of  six  or  seven  figure  logarithms  is 
desirable. 

The  methods  of  shortened  multiplication  and  division, 
which  are  described  in  most  text-books  of  practical  physical 
chemistry  or  modern  arithmetic,  may  be  used,  if  desired. 
Each  calculation  should  be  carried  out  up  to  and  including 
the  first  uncertain  figure,  but  no  further. 

A  simplification  may  be  effected  whenever  the  second 
term  in  the  expression  1  +  h  is  so  small  that  its  second 
power  may  be  neglected,  in  comparison  with  the  first  term 
(within  the  limits  of  the  accuracy  aimed  at). 

Powers,  products,  or  quotients  of  this  expression  may  be 
approximately  obtained  by  including  only  the  first  and 
second  terms  of  the  expansion 

(1  ±  h)n  =  1  ±nh 
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Hence,  prove  that : — 


(10  +  h)  = 


10  +  10  +  h, 


2 

i.e.,  if  the  difference  between  two  numbers  is  small  compared 
to  each  of  them,  the  geometrical  mean  is  approximately 
equal  to  the  arithmetical  mean. 

The  theory  of  proportional  differences  is  an  application 
of  Taylor's  theorem. 

If  a  number  be  increased  by  a  small  fraction  of  itself, 
the  increase  in  the  number  is  nearly  proportional  to  the 
increase  in  the  natural  logarithm  of  the  number. 


Equations  of  a  higher  degree  than  the  second  have  in  all 
cases  been  avoided.  The  general  solution  of  quadratic 
equations  will  be  found  useful 

ax*  +  bx  +  c  =  o 

-  b  4-  Jtf  —  4ac 


2a 


Logarithms. 

If  ex  =  a 

x  =  loge  a  the  logarithm  of  a  to  the  base  e. 
The  base  of  the  natural  system  of  logarithms 


=  2-7183  = 


10*  =  a,  x  =  Iog10  a 

x  is  now  the  common  or  decimal  logarithm  of  a  (to  the 
base  10). 

log,  a  =  logw  a  X  log,  10 
log,  10  =  2-3026 
In  physico-chemical   calculations,   the   function   loge  x 

i\  —  J  is  frequently  encountered.    It  has  been  written  as 
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log  x,  the  usual  meaning  of  Iog10  x  being  retained  and  the 
multiplying  factor  2'3026  being  understood, 
log  ab    =  log  a  +  log  b 

log  ^     =  log  a  -  log  b 

log  an    =  n  log  a 
log  arn  =  —  n  log  a 
log         2  =  O'SOIO  from  tables 
log  2000  -  log  1000  +  log  2  =  3-3010 
log  0'002  =  S'3010,  etc. 

anti-log  0-2940  =  1-968 
„     „   3-2940  =  1968,  etc. 


Differentials. 

The  variables  are  denoted  by  x,  y,  z ;  numerical  indices 
(which  may  be  negative  or  fractional)  by  n,  numerical 
coefficients  and  other  constants  by  K. 

dxn  /1N 

d^       =1W       ...         -a) 

dK  _      dx 

— 7 ~~~"    ^J      1          —     •*• 

dx  dx 

dK       x        dK       dx 

=  *' 


dx  ~  dx        dx 

d  (xy)  dy          dx_ 

dz  ~~ x  dz  dz 

(£\ 

1/Ct\3C      )     ,      X     (tlf    i 
_  *^    \ ^  _ 1-     *       I)V 

dz  dz  dz 


<($ 


du  dx 

/v    __  '_.     ___     it  _ 

dz  dz    ,         .         .  (4) 

~~ 


B  2 
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=  K        .        .        .    (1)  (from  p.  3) 
u/x 

d\ogex  _  1   d\oglox  _  0-4343 

dx  x*      dx  x 

d\og(xy)  __  dlogx    .    dlogy  ,q, 

~~dT         ~~dT~^~      dz  (6) 

If  x  and  y  are  two  variables  dependent  upon  one  another 
(such  as  pressure  and  temperature,  concentration  and 
time),  and  y  (the  dependent  variable)  is  known  as  a  function 
f(x)  of  x  (the  independent  variable),  then  by  the  laws  of 
differentiation  the  rate  of  change  of  y  with  x  may  be 
expressed  as  another  function  /'(#)  of  x. 


e.g.,  if  y  =  #a,  the  rate  of  change  of  y  at  any  given  value  of 
x  is  equal  to  2#.  See  equation  (1),  p.  3.  An  example  of 
the  application  is  given  by  the  differential  heat  of  solution, 
etc.,  on  pp.  29  to  33. 

Integrals. 

The  meaning  of  the  process  of  integration  is  easily  seen 
after  the  graphical  and  quantitative  treatment  of  experi- 

mental data.     The  numerical  value  of  the  integral  \ydx  is 

often  required  ;  y  being  some  known  function  f(x)  of  x. 

It  is  necessary  in  the  first  place  to  find  another  function 
/'  (x),  such  that—- 


It  follows  by  the  rules  of  integration  that  — 

J  df'(x)  =/'(«)  +  Ct  =  f/(*)  dx  =  \ydx 
For  example,  let  y  =  xn  and  suppose  that  it  is  required 
to  evaluate  the  integral  \ydx  between  the  limits  x\  and  xa. 
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Then  since  ~  (^Ifi^*1  +  Ci]  =  x"  by  e^uation 


above, 


[ 
J 


ydx  = 


/ 


_ 

w  +  1 


.  (1) 


Thus,  if  y  =  x* 


pra 
JXl 


ydx  = 


The  following  table  comprises  such  standard  integrals  as 
are  required  for  simple  physico-chemical  calculations.    The 
integration  constant  is  understood  in  all  cases. 
Differential  Calculus. 
dxn 


dx 
da* 
da  =  a*  log'  a 


dx 

dlogg    X    _l 


=  -loga 


d  iQge  X    __J_ 

dx  x 


xn  dx      = 


Idx_ 
x 


n  -f  1    * 

VA; 

ax 

•     (2) 

log«   a 

<•     . 

.  (2a) 

loga    X 

(*\ 

Further  integrals  may  be  obtained  as  required  from  these 
standard  forms. 

Thus  from  (1)  by  the  substitution  of  —  n  for  n  : — 
fdx  _       1      .    1 

)xn~~   1-71      Xn~l 

From  (2)  p.  3. 

d(a  —  x)  -IT/          \ 

V-     -i,<^-*)=-^ 

dx  _  d(a  —  x) 

'a  —  x  a  —  x 

*  NOTE. — If  the   integration  is  not  performed  between  definite  limits 
(i.r,  x\  and  a?2)  an  integration  constant  must  be  added  in  each  case 
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.  • .  From  (3)  above  : — 


It  may  also  be  shown  that : 

f          dx  1     .      Ua-x) 

}(a  -  x)(b  —  x)  —  a  -  b     g  a(b  -  x) 

The  following  are  the  principal  symbols  employed 
throughout  this  work. 

Current  usage  and  the  conventions  adopted  by  national 
and  international  agreement  have  been  adopted  wherever 
there  has  been  unanimity.  A  few  changes  have  been 
rendered  necessary  to  avoid  the  use  of  the  same  symbol  for 
different  ideas. 

The  subscripts  added  to  the  main  symbols  are  explained 
whenever  their  meaning  is  not  obvious. 

SYMBOLS. 

General  and  Mechanical  Symbols. 

I        Length ;     cm.    =    centimetres ;    mm.    =   milli- 
metres ;  /u  =  O'OOl  mm. 
m       Mass. 
w,  W    Weight. 
t        Time. 

s        Area ;  (cm.)2  =  square  centimetres. 
v        Volume  ;  c.c.  =  cubic  centimetres. 

Physical  and  Chemical  Symbols. 

c,  C     ....     Concentration  (mols.  per  litre). 

17 Concentration  (mols.  per  c.c.) . 

D,  A    .     .     .     .     Density,  in  grams  per  c.c. 
V Volume ;  dilution  (litres  per  gram  equiva- 
lent). 

mol.    |  j     The  gram  molecule,  or  molecular  weight 

M,  m  }     *         I         expressed  in  grams. 
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N    .....     Number  of  mols. 

n      .....     Valency;  co-efficient  of  stoichiometrical 

equation. 

t°     .....     Temperature  Centigrade. 
T°    .....     Temperature  absolute. 
a,  b,  c  .....     First,   second,  third  terms  of   a  power 

series. 

p      .....     Pressure  (general,  gas,  and  partial  gas). 
P     .....     Total  pressure  of  a  gas  mixture  ;  osmotic 

pressure. 

R     .....     The  gas  constant. 
pc,  vc  ,  Tc   .     .    .     The  critical  constants. 
N.  T.  P.   ...     Normal  temperature  and  pressure  (0°  C. 

and  760  mm.  of  mercury). 
N  ......     Normal  concentration  (gram  equivalents 

per  litre). 

N 
Q'IN.,  jfCfi'  etc.      Decinormal,  centinormal,  etc. 


aq  ......     Excess  of  water. 

K     .....    A  constant  ;  the  equilibrium  constant. 

Kpt  Kc  .     .     .     .    Equilibrium  constant  at  constant  pres- 

sure and  constant  volume. 
k      .....     Velocity  constant. 
[A]       ....    The    concentration    of    the    molecular 

species  A. 
Ct    ......    Integration  constant  ;  chemical  constant. 

Energy  Symbols. 

Q    .....     Quantity  of  heat  in  general,  or  "  rever- 

sible heat." 
q      .....     Calorimetric  heat  ;   change  of  intrinsic 

energy. 

U    .....     Internal  or  total  energy. 
A    .....     Free  energy  ;  change  of  free  energy. 

^     ^     Latent  heats  of  vaporisation  and  fusion. 
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h,  H        ...     Specific  and  molecular  heat  ( -pr) 

^mi  Hm    .    .    .    Mean  specific  and  molecular  heats. 
hpyhv.     .    .    .     Specific  heat  at  constant  pressure  and  at 
constant  volume. 

TT 

7  =  jg?   .     .     .     Adiabatic  constant  of  gas. 

cal Gram  calorie  (as  defined  p.  10). 

Kal Kilogram  calorie. 

j,  Kj  .     .     .    .     Joule ;  kilojoule. 

Electrochemical  Symbols. 

/         ....     Current. 

R,  r    .    .    .    .    Resistance. 

*         ....     Conductivity. 

A        ....     Equivalent  conductivity. 

Ao  ....  Equivalent  conductivity  at  infinite  dilu- 
tion. 

a Degree  of  dissociation. 

VA>  VK     -     •     •     Transport  number  of  anion  and  kation. 

UA>  UK  -  •  •  Absolute  ionic  velocities  in  cm.  per 
second  under  a  potential  gradient  of 
1  volt  per  cm. 

j  At!  K\      .     .    Ionic  conductivities  (see  p.  152). 

UA>  UK    •     •     •     Apparent    ionic    velocity    at    incomplete 

dissociation. 
[Hmm],  [Clr]  .    .     Concentration  of  hydrogen  ion  and    of 

chlorine  ion. 
+    —     .     .     .     Charge   on   a  gram  kation  and  a  gram 

anion. 
E.  or  E.M.F.  .     Electromotive  force  of  a  cell. 

€ Single  potential  at  an  electrode. 

eo Normal  potential  as  defined  p.  215. 

For  further  definitions,  and  the  relations  of  these  units 
to  one  another,  see  pp.  152—159. 
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UNITS   AND    STANDARDS. 

Dimensions  of  Units. 

I  (length)        ra  (mass)        t  (time)        w  (weight) 

Velocity  =  I  t~l 

Acceleration        =  1 1~* 

Force  =  m  1 t~2 

Work  =  m  I2  r2 

Power  =  m  P  t~3 

Heat  =  work  (  X  constant) ;  see  p.  11. 

Volume,  v  =  I3.  Area,  S  =  I2 

Density  =  w  v"1;  w  =  weight  (see  below). 

Specific  volume  =  iv~l  v 

Pressure  =  w  l~l  f~2 

If  the  units  of  length,  mass  and  time  chosen  are  the 
centimetre,  gram  (as  defined  below),  and  the  second,  then 
the  above  derived  units  are  expressed  as  "  absolute "  or 
C.G.S.  units. 

Metric  System. 

Sub-divisions  of  the  units  are  distinguished  by  the 
prefixes  deci-,  centi-,  milli-,  meaning  J^,  TJn,  and  T^y^. 

Multiples  of  the  units  are  distinguished  by  the  prefixes 
deca-,  hecto-,  kilo,  meaning  10,  100,  and  1,000  times. 

Length.  The  centimetre  is  ^J^  of  the  distance  (metre) 
between  two  marks  on  a  standard  bar  of  platinum,  as 
measured  under  certain  specified  conditions. 

Mass,  defined  by  means  of  the  weight  in  a  given  locality. 
The  metric  unit  is  i^ou  Par^  °f  a  standard  mass  of  platinum 
(the  kilogram). 

Weight.  The  weight  of  a  given  mass  is  the  force  with 
which  it  is  attracted  by  the  earth.  This  force  exerted  on  a 
mass  of  1  gram  at  sea-level,  and  latitude  45°,  is  980*6  dynes 
(see  below).  A  volume  of  1  decimetre  cube  of  pure  water 
at  the  temperature  of  its  maximum  density  weighs 
0-999,955  ±  0-00002  kilograms  (0-999,970). 
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Volume. 

The  litre  is  the  volume  occupied  by  the  mass  of  1  kilo- 
gram of  pure  water  at  a  pressure  of  1  atmosphere  as  denned 
below,  and  the  temperature  of  maximum  density  =  4°  C. 

The  cubic  centimetre  is  T^j^  part  of  the  litre  (millilitre). 

By  definition,  therefore,  the  density  of  water  in  grams  per 
cubic  centimetre  —  1  at  4°  C. 

Litre  (Mohr's)  is  the  volume  of  1  kilogram  of  distilled 
water,  weighed  with  brass  weights  in  air,  at  15°  C.,  and 
under  a  pressure  of  1  atmosphere. 

Force  and  Work. 

The  dyne  is  the  force  which  in  1  second  imparts  to  a  mass 
of  1  gram  a  velocity  of  1  centimetre  per  second. 

Erg.  The  work  done  by  a  force  of  1  dyne  acting  through 
a  length  of  1  centimetre,  in  the  direction  of  the  force. 

Practical  Units. 

Gravity  constant  (acceleration) — 
g  =  gu  (1  -  0-002644  cos  $  +  0'057  cos22  <#>  -  0'033086#) 

gi5  —  980-617  at  sea-level,  at  45°  N.  latitude. 
<f>  —  the  latitude  in  degrees.    H  =  height  above  sea-level 
(in  metres). 

Therefore  1  gram  weight  under  the  above  conditions 
=  980-617  dynes. 

Standard  Atmosphere.  The  pressure  due  to  a  column 
of  mercury  760  millimetres  high,  at  0°  C.,  at  sea-level  and 
latitude  45°. 

The  standard  atmosphere  is  equal  to  1*0133  X  106  ergs 
(see  Problem  6,  p.  16). 

Gram  Calorie.  The  amount  of  heat  required  to  raise 
1  gram  of  water  from  14*5°  to  15'5°. 

Kilogram  Calorie.  The  amount  of  heat  required  to 
raise  1  kilogram  of  water  from  14*5°  to  15'5°. 
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British  Thermal  Unit.  The  amount  of  heat  required 
to  raise  1  Ib.  of  water  1°  F.  at  60°  F. 

Pound  Calorie,  defined  as  the  gram  calorie,  the  weight 
of  water  being  1  Ib. 

The  following  units  of  work  and  energy  are  derived  from 
the  gravity  constant  given  above. 

Gram  Centimetre.  The  work  done  when  1  gram  is 
brought  through  a  distance  of  1  centimetre  against  the 
gravitational  force. 

Kilogram  Metre  is  defined  similarly.     The  weight  is 
1  kilogram,  the  distance  through  which  it  is  moved  is  1  metre. 
Therefore  1  kilogram  metre  =  1  X  105  gram  centimetre. 
Joule  =  volt  x  coulomb  (see  p.  12). 

=  108  X  10-1  C.G.S.  units. 
Kilo  joule  =  1,000  joules. 
Watt  =  1  joule  per  second. 
Board  of  Trade  Unit)  __  1 000      s  600  -    , 

Kilowatt  hour        .)        'Ul  J  x  d'bl 
Foot-lb.  second  =  (453-6  x  981  x  30-49)  -r- 107 

=  1-357  watts. 
Horse-power  =  550  foot-lb.  seconds. 

=  550  X  1-357  =  746  watts. 
=  0-746  kilowatts. 


Conversion  Table. 


Erg. 

Joule 
Watt-Sec. 

15°  Cal. 

Litre  Atmo- 
spheres. 

Kilogram  - 
metre. 

lErg 

10-7 

2-389xlO-8 

9-869  x  10-w 

1-019  XlO-8 

Joule 

10' 

— 

2-389X10-1 

9-869  XlO-8 

1-019x10-1 

Calorie 

4-1  85  XlO7 

4-185 



4-131X10-2 

4-268  XlO-1 

Litre  Atm. 

1-0133  XlO9 

1-0133  XlO2 

2-420x10 

— 

1-033x10 

Kg.  metre 

9-806  XlO7 

9-806 

2-343 

9-678x10-2 

— 

B 

8-317X107 

8-317 

1-987 

8-209x10-2 

8-482X10-1 

(Universal 

gas  constant) 
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Electrical  Units. 
Quantity. 

Coulomb  (see  Ampere)  =  1  X  1Q-1  absolute  (C.G.S.) 
electro-magnetic  units. 

Faraday  =  96,540  coulombs. 

The  amount  of  electricity  required  to  set  free  1  gram 
equivalent  at  each  electrode  when  a  current  is  passed 
through  an  electrolytically  conducting  material. 

One  coulomb  deposits  0*001118  gram  of  silver  in  a  silver 
voltameter. 

Current. 

A  conductor  through  which  electricity  passes  at  the  rate  of 
1  coulomb  per  second  is  said  to  carry  a  current  of  1  ampere. 
Ampere  =  1  coulomb  per  second. 

Resistance. 

The  ohm  is  the  resistance  at  0°  of  a  column  of  mercury, 
having  a  length  of  106*3  centimetres  at  0°,  and  a  uniform 
cross-section  of  1  square  millimetre. 

The  weight  of  the  mercury  is  14-4521  grams.  One  ohm 
=  1  X  109  absolute  units. 

Siemen's  mercury  unit,  used  in  some  earlier  accounts  of 
physico-chemical  investigations,  is  the  resistance  at  0°  of  a 
column  of  mercury,  having  a  length  of  100  centimetres, 
and  a  uniform  cross-section  of  1  square  millimetre. 

Conductivity  (reciprocal  ohms)  is  the  reciprocal  of 
resistance  (ohms). 

Volt.  When  a  homogeneous  conductor  having  a 
resistance  of  1  ohm  carries  a  current  of  1  ampere,  the 
difference  of  potential  between  the  ends  of  the  conductor 
is  1  volt. 

One  volt  =  108  C.G.S.  units. 

Ohm's  Law.  By  the  above  definitions,  it  follows  that 
if  I  is  the  current  in  amperes,  E  the  electromotive  force  in 

rn 

volts,  and  E  the  resistance  in  ohms :  I  =  „. 

li 
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Electromotive  Force  is  expressed  in  yolts.  The 
practical  standard  of  electromotive  force  is  a  cell  com- 
posed of  standard  materials.  The  cell  adopted  as  the 
international  standard  is  the  Weston  normal  element. 

The  electrodes  are  cadmium  amalgam  and  mercury.    The 

o 

solution  is  saturated  with  respect  to  Cd  SOi  +  -^  H^O  and 

o 

Hg*  SO,. 

The  electromotive  force  Et  of  this  element  at  any 
temperature  t°  is  obtained  from  that  at  20°,  by  the  following 
formula : 

E  =  1-0183  ±  O'OOOl  at  20°. 

For  the  usual  laboratory  temperature  the  Jaeger  and 
Wachsmuth  temperature  coefficient  gives  correct  results. 

Et  =  E  -  0'0438  (t  -  20)  -  0'0665  (t  -  20)2. 
For  higher  temperatures  the  formula  recommended  by 
the  Bureau  of  Standards  is  more  exact. 

Et  =  E  -  0*04406  (t  -  20)  -  0'0695  (t  -  20)a  +  0'071 
(e  -  20)3. 

INTEENATIONAL  ATOMIC   WEIGHTS. 


Sym- 
bol. 

Element. 

Atomic 
Weight. 

Sym- 
bol. 

Element. 

Atomic 
Weight. 

Ag 

Silver    .     .     . 

107-88 

Co 

Cobalt  .     .     . 

58-97 

Al 

Aluminium     . 

27-1 

Cr 

Chromium 

52-0 

Ar 

Argon    .     .     . 

39-88 

Cs 

Caesium     .     . 

132-81 

As 

Arsenic       .     . 

74-96 

Cu 

Copper  .     .     . 

63-57 

Au 

Gold      .     .     . 

197-2 

i>y 

Dysprosium    . 

162-5 

B 

Boron    .     .     . 

11-0 

Er 

Erbium  .     .     . 

167-7 

Ba 

Barium  .     .     . 

137-37 

Eu 

Europium  .     . 

152-0 

Be 

Beryllium  .     . 

9-1 

F 

Fluorine     .     . 

19-0 

Bi 

Bismuth     .     . 

208-0 

Fe 

Iron  .... 

55-84 

Br 

Bromine     .     . 

79-92 

Ga 

Gallium     .     . 

69-9 

C 

Carbon  .     .     . 

12-00 

Gd 

Gadolinium    . 

157-3 

Ca 

Calcium     .     . 

40-09 

Ge 

Germanium    . 

72-5 

Ob 

Columbium    . 

93-1 

H 

Hydrogen  .     . 

1-008 

Cd 

Cadmium  . 

112-40 

He 

Helium 

4-00 

Ce 

Cerium  .     . 

140-25 

Hg 

Mercury     .     . 

200-6 

Cl 

Chlorine     .     . 

35-46 

Ho 

Holmium  . 

163-5 
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INTERNATIONAL  ATOMIC  WEIGHTS— continued. 


Sym- 
bol. 

Element. 

Atomic 
Weight. 

Sym- 
bol. 

Element. 

Atomic 
Weight. 

In 

Indium  .     .     . 

114-8 

Rb 

Rubidium  .     • 

85-45 

Ir 

Indium  .     .     . 

193-1 

Rh 

Rhodium    .     . 

102-9 

I 

Iodine    .     .     . 

126-92 

Ru 

Ruthenium 

101-7 

K 

Potassium  . 

39-10 

S 

Sulphur     .     . 

32-06 

Kr 

Krypton     . 

82-92 

Sb 

Antimony  .     . 

120-2 

La 

Lanthanum    . 

139-0 

Sc 

Scandium  .     . 

44-1 

Li 

Lithium     .     . 

6-94 

Se 

Selenium    .     . 

79-2 

Lu 

Lutetium  .     . 

175-0 

Si 

Silicon  .     .     . 

28-3 

Mg 

Magnesium     . 

24-32 

Sm 

Samarium  . 

150-4 

Mn 

Manganese     . 

54-93 

Sn 

Tin   .     .     .     . 

118-7 

Mo 

Molybdenum  . 

96-0 

Sr 

Strontium  .     . 

87-63 

N 

Nitrogen    .     . 

14-01 

Ta 

Tantalum  . 

181-5 

Na 

Sodium  .     .     . 

23-00 

Tb 

Terbium     .     . 

159-2 

Nb 

Niobium     .     . 

93-5 

Te 

Tellurium  .     . 

127-5 

Nd 

Neodymium   . 

144-3 

Th 

Thorium    .     . 

232-4 

Ne 

Neon     .     .     . 

20-2 

Ti 

Titanium   .     . 

48-1 

Ni 

Nickel   .     .     . 

58-68 

Tl 

Thallium    .     . 

204-0 

Nt 

Niton    .     .     . 

222-4 

Tm 

Thulium     .     . 

168-5 

O 

Oxygen  .     .     . 

16-000 

U 

Uranium    .     . 

238-2 

Os 

Osmium     .     . 

190-9 

V 

Vanadium  .     . 

51-0 

P 

Phosphorus    . 

31-04 

w 

Tungsten  .     . 

1840 

Pb 

Lead      .     .     . 

207-20 

Xe 

Xenon  .     .     . 

130-2 

Pd 

Palladium  . 

106-7 

Y 

Yttrium      .     . 

88-7 

Pr 

Praseo-  * 

Yb 

Ytterbium  . 

173-5 

•  dymium    . 

140-9 

Zn 

Zinc  .... 

65-37 

Pt 

Platinum   .     . 

195-2 

Zr 

Zirconium  .     . 

90-6 

Ra 

Radium      .     . 

226-0 

PROBLEMS. 
Units  and  Standards. 

1.  What  is  the  relation  between  the  centimetre  cube  and 
the  cubic  centimetre,  as  defined  on  p.  10  ? 

Answer     1  cubic  centimetre  is  equal  to 
1-00005  (1-00003)  centimetre  cube  (accepted  value  1  -000027). 

2.  A  flask  contains  1  kilogram  of  water  at  15°  C.,  weighed 
in  air,  against  brass  weights.     What  is  the  volume  of  the 
flask  in  litres?     As  (water)   =   0'999126  A5   (air)   = 
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0*021214  Dig  (brass)  =  8*0.  If  W0  =  the  weight  of  the 
water  in  a  vacuum,  W  =  the  weight  of  the  water  against 
the  brass  weights  in  air. 


D  (b 
Answer    Vol.  of  flask  =      °  =  1001-94  c.c. 


3.  A  molar  normal    solution  of  KCl  being  denned   as 
one  containing  74*59  grams  in  one  litre  of  solution  at  18°  ; 
what  is  the  percentage  error  committed   if  74*59  grams, 
weighed  against  brass  weights  in  air,  be  made  up  to  a  litre  at 
15°  C.  ?    (The  expansion  of  1  litre  of  such  a  solution  may 
be  taken  over    this    range    as  0*8    c.c.  per  degree  and 
DKCl  =  2-0.) 

Calculate  WQ  the  absolute  weight  at  15°  of  the  salt  as 
above,  and  find  the  volume  assumed  by  the  litre  originally 
measured  at  15°  when  it  is  heated  to  18°. 

Answer  The  two  errors  tend  to  neutralise  one  another, 
and  the  percentage  error  is  —  0*044. 

4.  How  many  grams  of  water  weighed  against  brass 
weights  at  15°  will  occupy  the  volume  of  a  true  litre  ? 

By  definition  1  true  litre  measured  at  4°  weighs  1,000 
grams  ;  therefore,  if  measured  at  15°,  it  weighs  1000  X  Z>i5 
grams  (absolute  weight  in  a  vacuum). 

From  this,  the  weight  in  air  against  brass  weights  can 
be  found  as  in  Problem  2,  p.  14. 

Answer     998*12  grams. 

Show  that  this  result  can  at  once  be  obtained  from 
Problem  2. 

5.  In  one  of  Joule's  original  experiments  the  heat  capa- 
city of  the  calorimeter  was  6,816  calories  per  degree. 

Two  weights,  each  falling  20  times  through  a  distance  of 
160*5  centimetres,  were  used  to  stir  the  water  of  the  calori- 
meter, the  energy  of  falling  being  thereby  converted  into 
heat.  The  combined  mass  of  the  weights  was  26,320  grams, 
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and  the  rise  of  temperature  of  the  calorimeter  was  0*313°. 
Find  the  value  of  the  calorie  in  ergs  (g  =  981). 

Answer     1  calorie  =  41 '9  X  106  ergs. 
The  result  is  obviously  obtained  by  calculating  the  ratio 
of  the  work  done  by  gravity  (in  ergs)  to  the  heat  evolved 
(in  calories).     Edser  ("  Heat,"  p.  277). 

6.  If  the  density  of  mercury  is  13*596  at  0°,  what  is  the 
force  of  normal  atmospheric  pressure  (760  mm.  of  mercury) 
in  dynes  per  (cm.)2,  and  in  grams  per  (cm.)2  ? 

Answer     1*0133  X  106  dynes  per  (cm.)2. 
1033'3  grams  per  (cm.)2. 

7.  A  litre  atmosphere  is  the  work  done  by  a  gas  when  it 
expands  by  1  litre  against  a   pressure   of   1   atmosphere 
per  (cm.)2.    What  is  the  value  of  a  litre  atmosphere  in  ergs 
and  in  gram  centimetres  ? 

Answer    1*0133  X  109  ergs. 

1-0333  X  106  gram  centimetres. 
Work  =  po  =  p  X  103, 
p  having  the  values  found  in  the  last  problem. 

8.  From  the  preceding  and  the  value  of  the  calorie  in 
ergs  (Table,  p.   11 )  verify  the  relation  :    1  litre   atmo- 
sphere =  24*21  calories. 

9.  Find  the  height  of  the  standard  atmosphere  in  inches 
of  mercury  at  0°,  and  its  weight  in  Ibs.  per  sq.  in.     1  metre 
=  89*37  ins.     1  in.  =  2*54  cms.     1  Ib.  =  453'59  grams. 

Answer  29*9  ins.,  14*7  Ibs.  per  sq.  in. 
9a.     The  density  of  some  air  is  0'0012  grams  per  c.c. 
What  is  the  weight  of  a  cubic  foot  in  Ibs.  and  grams  ? 
Answer  1  cubic  ft.  =  5-3553  litre  of  the  air  weighs 

33'97  grams  or  0*0749  Ibs. 

From  the  definition  on  p.  9  and  data  of  last  problem 
find  the  volume  of  1  decimetre  cube  in  cubic  feet,  hence 
the  number  of  litres,  then  of  grams,  then  Ibs.,  in  a 
cubic  foot  of  the  air. 
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10.  By  means  of  the  definitions  of  the  erg  and  of  the 
electrical  units  determine  the  value  of  the  joule  and  the 
kilowatt  in  ergs  and  in  ergs  per  second. 

Answer     1  joule  =  107  ergs. 

1  kilowatt  =  1010  ergs  per  second. 

11.  From  the  value  of  the  coulomb  as  denned  on  p.  12, 
and  the  atomic  weight  of  silver,  verify  the   number  of 
coulombs  required  to  deposit  1  gram  equivalent. 

12.  A  unit  of  work  much  used  in  electrochemical  calcu- 
lations is  the  volt-faraday  (Mayer).      What  is  the  factor  for 
converting  calories  into  volt-faradays,  and  hence  what  is  R 
in  volt-faradays  ?  (see  p.  11). 


23070 
R  =  0-8606  X  10  ~4 

1  calorie  =  4*185  joules.  1  joule  =  95549  v.-far. 

1  cabrie  =          =  aggro  v-far'          -  °'8606  x 


THERMOCHEMISTRY. 

For  any  change  in  a  given  system,  the  decrease  of  the 
intrinsic  energy  of  the  system  (U)  is  equal  to  the  external 
work  done  (A),  minus  the  heat  absorbed  (Q). 
A  -  Q  =  U  .     .     .     •  (1). 
(First  law  of  Thermodynamics). 

If  a  change  from  a  state  (1)  to  a  state  (2)  is  allowed  to 
occur  by  two  paths  ;  and  A,  Q  and  A',  Q'  are  the  heat  and 
work  effects  : 

U  =  A-Q  =  A'-Q',  etc., 

because  the  change  of  the  intrinsic  energy  (U)  is  independent 
of  the  path. 

In  many  cases  considered  below  the  total  external  work 
effect  (A)  is  small  compared  to  the  total  external  heat 
effect  (Q).  If  the  latter  is  divided  into  parts  <2i,  Q*  etc., 

P.O.  c 
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corresponding  to  the  separate  reactions  which  together  make 
up  the  whole  change  from  state  (1)  to  state  (2),  then : 

Hess'  Law. 

Heats   of    Reaction    at    Constant    Pressure    and 
Constant  Volume. 

[Reactants]  =  [Resultants]  +  Q. 

If  reaction  occurs  at  constant  volume  it  is  denoted  by 
Q  ,  or  q. 

If  reaction  occurs  at  constant  pressure  it  is  denoted  by 
Qf,  or  Q. 

Molar  equation  of  reaction : 

4i  4  \  9        A  9          \  9        A  9 

Neglecting  the  volumes  of  the  solids,  which  is  a  justifiable 
approximation  for  ordinary  pressures : 

Where,  in  the  summation  2rc,  all  the  n's  (molar  coefficients 
of  gaseous  reactants)  are  taken  as  positive,  and  all  the  n's 
(molar  coefficients  of    gaseous    resultants)  are  taken  as 
negative. 
Example  2  Ua  +  0^  (reactants) >  2  H%0  (resultants) 

and,  therefore,  in  this  case  Qp  =  Qv  +  RT.  RT  =  work 
done  against  constant  pressure,  by  an  expansion  equal  to 
the  volume  occupied  by  one  mol.  of  perfect  gas,  at 
pressure  p  and  temperature  T. 

Change  of  Heat  of  Reaction  with  Temperature. 
^  =  2ra  Hv  * (2) 

Where  Hv  =  specific  heat  at  that  temperature  (per  mol.), 
at  constant  volume.  In  the  summation  of  Hv,  the  conven- 
tion as  to  signs  previously  laid  down  is  always  retained. 

*  In  this  equation  we  can  very  approximately  write  Hp  for  Ht.  in 
the  case  of  liquid  or  solid  components. 
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If  the  specific  heats  do  not  vary  with  temperature, 
then: 

[Qv\t*  —  [Q*]ti  =  (£2  —  *i)  2n  Hw  .  .     (3) 

If  the  specific  heats  vary  with  temperature,  the  above 
equation  still  holds  good;  if  Hv  now  denotes  the  mean 
specific  heat  per  mol.,  at  constant  volume,  over  the  tempera- 
ture range  t\  to  £3  considered. 


(Mean  specific  heat  between  ti  and  £2)  X  (£3  —  ti)  = 

• 

where  H  is  the  true  specific  heat  at  temperature  t . 


Fig.  1. 

Alteration  of  Specific  Heat  with  Temperature. 

Suppose  that  Hv,  the  true  specific  heat  per  mol.  at  t,  can 

be  expressed  as  a  linear  function  of  the  temperature,  i.e., 

Hv  =  a  +  to,  then  2n  Hv  =  2w  a  +  2n  to  .     (4) 

dQv       v         .    v    7  /KN 


dt 


(6) 


c2 
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Expressing  temperature  in  absolute  thermodynamic 
measure,  and  putting  Hv  =  a  +  bT  (when,  of  course, a  has 
now  a  different  value),  we  can  write  also 


r3    .      .  (?) 

A 

Note  that  [Q J0  =[Q Jo 

Mean  Specific  Heats. 

Suppose  mHv  =  mean  specific  heat  per  mol.,  at  constant 
volume  between  0°  C.  and  t; 


(8) 


f«  f« 

then  :—mHv  t=  \Hvdt  =  \  (a  +  bt)  dt  =  at  +  }  fa2    . 

Jo  Jo 

.:mH,  =  a  +  lbt  =  a  +  b't         .         .  .     (9) 

then  [Q J<a  -  [<?v  ]ti  =  (fj,  -  «0  2n  a  +  (tf  -  «i2)  2rc  6'     (10) 

Or,  suppose  mHv  =  mean   specific  heat  per  mol.     at 
constant  volume,  between  absolute  zero  and  T.     Then,  if 
Hv  can  be  expressed  as  the  linear  function  of  T  : 
Hv  =  a  +  bT. 

And  [Q Jr  =  [Q J0  +  2n  aT  +  Sw  6'T2     .         .     (10a) 

It  is  to  be  noted  that  values  of  Hv  given  in  the  literature 
are  usually  mean  specific  heats,  and  not  true  specific  heats, 
at  any  particular  temperature. 

For  liquids  and  solids  under  ordinary  pressures,  we  may 
put,  as  a  sufficient  approximation :  Hv  =  Hp  where  HP  = 
specific  heat  per  mol.,  at  constant  pressures.* 

For  a  perfect  gas  :  Hp  =  Hv  +  R. 
Hence  2n  Hp  =  2n  Hv  +  R  ^n .         .        .     (11) 

In  this  equation  (see  p.  129)  the  ris  in  the  term  2n 
refer  only  to  the  molar  coefficients  of  the  gaseous  reactants 
and  resultants. 

*  Or,  rather,  in  the  previous  equation  we  can  write  Hp  for  Hv  in 
the  case  of  liquids  and  Bolids  in  the  presence  of  gases. 
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Combining  now  the  equation : 

In  the  term  2?i  only  the 
molar  coefficients  of 
gaseous  components 


are  employed. 
We  get :    -^  =  SM  Hp    .        .        .        .  (12a) 

This  equation  can,  of  course,  be  deduced  independently. 
We  can  treat  it  just  as  the  former  one,  expressing  now  the 
specific  heat  per  mol.,  under  constant  pressure  as  a  linear 
function  of  the  temperature. 

Hp  =  a  +  btoxmHp  =  a  +  b't. 

In  both  cases  the  equations  can  be  easily  extended  to  the 
case  where  the  specific  heats  vary  more  rapidly  with  the 
temperature,  and  have  to  be  expressed  as  a  more  extended 
power  series,  e.g., 

h  —  a  +  bt  -f  ct*  .    .     .     .  (12) 

In  the  following  formulae  and  calculations  dealing  with 
the  heats  of  homogeneous  mixture  and  de-mixture  (heats  of 
solution,  dilution,  separation,  etc.),  any  work  effects  due  to 
changes  of  volume  of  liquids  or  solids  are  neglected,  an 
approximation  which  is  sufficiently  exact  at  ordinary 
pressures. 

PROBLEMS. 

1.  The  heat  of  formation  of  Fe^  O3  being  195,600  calories, 
and  that  of  Al*  03  392,600  cal.,  what  is  the  heat  of  the 
isothermal  reduction  of  1  mol.  of  F«a  03  with  Al  * 

Write  out  the  equation  according  to  the  two  usual  methods. 

Answer     197,000  calories. 
2Fe  +  1J02  =  Fe*  03  -f  Ql 




Fe2  03  +  2AI  =  AltOs  +  2Fe  +  Qa  -  Ql 
Fez  03  +-2AI  =  Al*  OB  +  2Fe 

-  (Qi)  +  (0)  =  -(ga)  -h  (O)  +  (Q*  -  go  (= 

Richards  ("Metallurgical  Calculations"). 
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Expressing  temperature  in  absolute  thermodynamic 
measure,  and  putting  Hv  =  a  +  bT  (when,  of  course,  a  has 
now  a  different  value),  we  can  write  also 

naT^      .         .     (7) 


. 

:-mHvt=(Hvdt  =  \\ 
Jo  Jo 


Note  that  [Q  Jo  =  K>  Jo 

Mean  Specific  Heats. 

Suppose  mHv  =  mean  specific  heat  per  mol.,  at  constant 
volume  between  0°  C.  and  t  ; 

(8) 

., 

then  [Q  Jta  -  [<?v  ]tl  =  (fe  -  *i)  *na  +  (tf  -  *i2)  ^  b'    (10) 
Or,  suppose  mHv  =  mean    specific  heat  per  mol.     at 
constant  volume,  between  absolute  zero  and  T.     Then,  if 
Hv  can  be  expressed  as  the  linear  function  of  T  : 

Hv  =  a  +  bT. 

mHv  =  a+$bT  =  a  +  b'T          .         .         ..    (9a) 
And  [Q  Jr  =  [«  Jo  +  2naT  +  Src  6T2    ,         .     (10«) 
It  is  to  be  noted  that  values  of  Hv  given  in  the  literature 
are  usually  mean  specific  heats,  and  not  true  specific  heats, 
at  any  particular  temperature. 

For  liquids  and  solids  under  ordinary  pressures,  we  may 
put,  as  a  sufficient  approximation  :   Hv  =  Hp  where  HP  = 
specific  heat  per  mol.,  at  constant  pressures.* 

For  a  perfect  gas  :  HP  =  HV  +  R. 
Hence  2n  Hp  =  2n  Hv  +  R  2n  .  .     (11) 

In  this  equation  (see  p.  129)  the  n'«  in  the  term  2n 
refer  only  to  the  molar  coefficients  of  the  gaseous  reactants 
and  resultants. 

*  Or,  rather,  in  the  previous  equation  we  can  write  Hp  for  ~B.V  in 
the  case  of  liquids  and  solids  in  the  presence  of  gases. 
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Combining  now  the  equation  : 

Qp  =  Qv  +  ET^n      \   In  the  term  2n  only  the 
2n  Hp  =  2n  Hv  +  R  2n   I       molar    coefficients    of 

d<?,  gaseous     components 

j.    =  -£71  xi™  ,       , 

a£  are  employed. 

We  get:    -^  =  2n  H,     .         .         .        .  (12a) 

This  equation  can,  of  course,  be  deduced  independently. 
We  can  treat  it  just  as  the  former  one,  expressing  now  the 
specific  heat  per  mol.,  under  constant  pressure  as  a  linear 
function  of  the  temperature. 

Hp  =  a  +  bt  or  mHp  =  a  +  b't. 

In  both  cases  the  equations  can  be  easily  extended  to  the 
case  where  the  specific  heats  vary  more  rapidly  with  the 
temperature,  and  have  to  be  expressed  as  a  more  extended 
power  series,  e.g., 

h  =  a  +  bt  +  ct*  .    .    .    .  (12) 

In  the  following  formulae  and  calculations  dealing  with 
the  heats  of  homogeneous  mixture  and  de-mixture  (heats  of 
solution,  dilution,  separation,  etc.),  any  work  effects  due  to 
changes  of  volume  of  liquids  or  solids  are  neglected,  an 
approximation  which  is  sufficiently  exact  at  ordinary 
pressures. 

PROBLEMS. 

1.  The  heat  of  formation  of  Fe^  03  being  195,600  calories, 
and  that  of  Ah  03  392,600  cal.,  what  is  the  heat  of  the 
isothermal  reduction  of  1  mol.  of  Fe^  03  with  Al  ? 
Write  out  the  equation  according  to  the  two  usual  methods. 

Answer     197,000  calories. 
+  1  J0a  =  F«a  O3  +  Ql 
+  IjOa  =  Ah  Os  +  Oa 


_ 

Fe2  03  +  ZAl  =  A^03  +  We  +  Qt-Qi 
Fe^  03  +  2AI  =  Ah  O3  +  We 

-  (ft)  +  (O)  =  -(ga)  +  (0)  +  (&  -  go  (=  Qx) 

Richards  ("  Metallurgical  Calculations  "). 
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2.  If  the  mixture  2  NaOH  aq.  (dilute   solution)  with 
2  HNOS  aq.  evolves  27,364  calories ;    2  NaOH  aq.  with 
H^SOi  aq.,  81,378  calories  ;  and  2  NaN03  aq.  with  H25r04  ag., 
576  calories,  what  is  the  thermal  effect  of  mixing  2  HN09aq. 
with  NazSOt  aq.  ? 

Calling  the  two  acids  A  and  A\  and  the  base  B — 

A  aq.  +  B  aq.  =  AB  aq.  +  Qi9 

AB  aq.  +  A'  aq.  =  ABA'  aq.  +  #2, 

A'  aq.  +  B  aq.  =  .4'£  og.  +  Q3, 

A'B  aq.  +  A  aq.  =  ABA'  aq.  +  Q4 

Answer     Q*  =  3,438  calories  absorbed. 

Thomsen. 

3.  The  heat  of  solution  of  1  mol.  of  HI  in  dilute  solution 
is  +  19,207  calories;  the  heat  of  vaporisation  of  solid  I  at 
19°  is  —  5,448  calories  ;  the  heat  of  formation  of  HI  from 
£  HZ  and  £  I2  (solid)  is  —  6,036  calories  ;  find  the  heats  of 
formation  of  HI  from  the  gases  at  19° — (1)  gaseous  ;  (2)  in 
dilute  solution. 

Answer      (1)  —-588  calories. 
(2)  +  18,619    „ 

Thomsen. 

4.  The  heat  of  formation  of  H^S  (1  mol.)  from  H*  and  S 
(solid)  is  2,730  calories.      On  solution  in  much  water,  a 
further  4,560  calories  are  evolved. 

In  the  presence  of  water,  H2S  +  2  /  (solid)  =  2  HI  +  S 
(solid). 

In  the  absence  of  water,  2  H. I  +  S  (solid)  =  H*S  +  I2 
(solid). 

From  the  data  of  the  preceding  problem,  find  the  heat 
effect  of  these  two  reactions,  taken  from  left  to  right. 
Answer     +  19,052  and  +  14,802. 

Thomsen. 

5.  The  heat  of  combustion  of  1  mol.  of  rhombic  sulphur 
to  SOZ  (gas)  at  constant  pressure  is  +  71,080  calories  ;   the 
heat  of  solution  of  £02  in  much  water  is  7,700  calories.    The 
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heat  of  fusion  of  rhombic  sulphur  is  300  calories,  and  the 
heat  of  vaporisation  of  liquid  S0%  is  6,200  calories. 

Find  (1)  the  heat  of  formation  of  liquid  S0%  from  liquid 
S  and  gaseous  0% ; 

(2)  the  heat  of  formation  of  dilute  £02  aq.  from  liquid  S 
and  gaseous  02. 

Answer    71,080  +  6,200  +  300  =  77,580  calories. 
71,080  +  7,700  +  300  =  79,080       „ 

Thomsen. 

6.  S02  aq.  +  Clt  +  H*0  =  S03  aq.  +  2  HCl  aq.  + 
73,900  calories. 

The  heats  of  formation  of  1  H20  and  1  HCl  (dilute 
solution)  being  68,360  calories  and  39,315  calories  respec- 
tively, find  the  heat  of  the  reactions  : 

(1)  S02  +  J  02  +  aq.  =  S03  aq. 

(2)  S02  aq.  +  J  02  =  S03  aq. 

(3)  If  the  heat  of  solution  of  liquid  80s  in  much  water 
is  39,170  calories,  find  the  heat  of  formation  of  liquid  SO^ 
from  liquid  S  and  02. 

Writing  the  equation  in  the  abbreviated  form  adopted  by 
Thomsen : 

£02  aq.  +  Ck  +  HsO  =  S05  aq.  +  2  HCl  aq. 

(_  7,700)        (—  68,360)  (-  78,630)  +  73,900 

Qi  +  0  +  Q2  =  Qx  +  #3  +  Q, 
and  Qx  =  Ql  +  Q2  -  Q3  -  Q. 

Where  Qit  etc.,  are  the  amounts  of  heat  evolved  in  the 
decomposition  of  the  various  compounds,  and  Q  is  the  net 
heat  evolved  by  the  whole  reaction  =  (^i  +  <J2  —  QQ 

-Q*. 

Or,  writing  the  energy  equations  in  full,  and  adding  : 
S02  aq.  +  C12  +  H20  =  SOB  aq.  +  2  HCl  aq.  +  73,900 
£0a  +  aq.  =  SO*  aq.  +  7,700 

#2  +  i  02  =  H20  +  68,360 

2  HCl    aq.  +  78,630      =  ff2  +  Cl*  +  aq. 
SO*  +  %  O2  +  aq.  —  UO3  aq.  +  71,830 
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The  data  of  the  preceding  problem  are  required. 
Answer    (1)  +  71,330  calories. 

(2)  +  63,630        „ 

(3)  +  103,540       „ 

7.  From  the  above  data  compare  the  heats  of  formation 
of  liquid  S03  and  SO%  from  liquid  S  and  gaseous  Oa  at 
constant  volume  (t°  =  17°  C.)« 

Answer     103,540  —  870  =  102,670  calories. 

77,580  —  580  =  77,000 

7A.  The  is  othermal  "  fusion  "  of  Na^SO^  10  H^O  gives  a 
liquid  containing  "  a  "  of  H*0  to  1  of  Na^SO^,  and  a  deposit 
of  anhydrous  Na^SO^.  This  partial  fusion  absorbs  16,509 
calories  per  mol.  of  10  hydrate  disappearing,  and  a  =  15'6. 

(1)  What  is  the  number  of  grm.  molecules  of  Na^SO^  in 
solution,  and  as  solid,  after  1  mol.  of  the  10  hydrate  has 
disappeared  ? 

(2)  What    is    the  heat    evolved    by   the    formation   of 
NazSOt  10  H%0  from  Na^SO^  and  saturated  solution  ? 

Consider  1  mol.  of  10  hydrate.  Let  x  mols.  of  Na^SO^ 
be  transformed  into  solution,  and  therefore  (1  —  x)  of  solid 
NctvSOi  precipitated. 

H*0  =  15-6  x  =  10   .'.  x  =  0-641. 

One  mol.  of  solid  Na^SO^  is  given  by     __      10  hydrate, 
1  a 


Answer    (1)  0*641  mols.  in  solution  ;  0'359  precipitated. 

(2)  +  46,000  calories. 

8.  From  the  heat  of  oxidation  of  &02  as  stated  in  the 
preceding  problems,,  combined  with  the  following  equation  : 

P602  +  HtS03  aq.  —  PbSOi  +  aq.  +  76,700     (1) 
find  the  heat  of  the  reaction  which  takes  place  during  the 
discharge  of  a  lead  accumulator  (containing  dilute  acid), 
namely  : 

PbOz  +  Pb  +  2#2S04  aq.  =  2  PbSOi  aq. 
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Determine  H2S03  aq.  +  \  02,  etc.  (as  above)  -f-  Qi  .  (2) 
Also  Pb  +  0  +  HzSOi  aq.  =  PbSO*  +  aq.  +  73,700  (8) 
Subtract  (1)  from  (2)  and  add  (8). 

Answer     86,800  calories. 

9.  What  will  be  the  heat  effect,  if  acid  containing  78 
instead  of  400  H^O  to  1  H^SO*  is  used  ? 

(See  Problem  19,  p.  31.)  The  differential  heats  are 
required. 

2  ($400  —  Q78)  is  to  be  subtracted. 

Answer     85,700  calories. 

10.  The  following  figures  refer  to  the  heat  of  combustion 
of  amorphous  carbon  at  constant  volume,  the  initial  and 
final  temperatures  being  17°  C. 

C,  02  =  96,960        2  CO,  02  =  135,340. 
Hence,  find  the  heat  of  combustion  of  solid  C  to  CO,  at 
constant  volume  and  constant  pressure  at  17°,  and  state  a 
probable  value  for  the  heat  of  vaporisation  of  12  grams  of 
carbon,  at  17°. 

Answer     +  29,290  calories  at  constant  volume. 

29,000  calories  at  constant  pressure. 
Qsv  for  C  at  17°  =  38,380  calories. 

Note. — This  last  result  is  obtained  on  the  assumption 
that  the  formation  of  the  double  linkage  C  =  0  evolves  the 
same  heat,  whether  the  oxygen  is  attached  to  the  same  or 
different  atoms. 

Cs  +  02  =  2  C02  +  Qi.     2  CO  +  02  =  2  C02  +  Q* 
CS=CV  +  Qsv. 

11.  If  the  heats  of  combustion  of  carbon  and  hydrogen, 
both  at  constant  pressure  and  at  0°  C.,  are  : 

H*  +  I  02  =  H20  (vapour)  +  58,060 
C  +  02      =  97,200  +  C02 

(1  gram)  H%0  (vapour)  =  H*0  (liquid)  +  608  calories. 
Also    C2£T2  -f  50  =   2   C02  +   H2O  +  315,700   (water 
condensed). 
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C^H6  +  70  =  2  C02  +  3  H20  +  372,300   (water 

condensed), 

fi;nd  the  heats  of  formation  of  the  hydro-carbons  from  solid 
C  and  jff2  at  constant  pressure  and  0°. 

Previously  show  that  the  volume  changes  by  path  (1)  = 
those  by  path  (2),  and  therefore  no  correction  is  required  on 
account  of  change  of  volume. 

C2  +  Hz  =  C2Ha  —  52,300. 
C2  +  3  Hz  =  C2#6  +  29,100. 
Kichards  ("  Metallurgical  Calculations  "). 

12.  The  combustion  of    12    grams  of  carbon    evolves 
97,200  calories  ;  that  of  2  grams  of  H^  evolves  58,060  calories 
to  H^O  (vapour),  and  69,000  calories  to  H20  (liquid) ;  all  at 
room  temperature,  and  constant  pressure.     The  heat   of 
formation  of  propane  is  +  33,850  calories.     Hence,  find  the 
heat  of  combustion  of  propane  at  constant  volume,  and  with 
condensed  water  at  15°. 

1  vol.     5  vola.   3  vols.      4  vols. 

C3HS  +  502  =  3  C02  +  4  H*0  +  (3  X  97,200)  +  4(69,000) 

+  2  X  288. 

Note. — The  heat  involved  in  the  change  of  volume  from 
steam  to  water  is,  of  course,  included  in  the  difference 
69,000  —  58,060. 

Answer     534,326  calories. 

13.  The  heat  of  formation  of  naphthalene  Cio#8  (solid) 
being— 19,450  calories,  find  the  heat  of  combustion  of  the 
solid,  without  and  with  condensation  of  water. 

Answer  1,223,690  calories  per  mol.  without  condensation. 

1,267,450  calories        ,,        with  ,, 

Compare  this  with  the  value  determined  in  the  bomb 
with  compressed  oxygen. 
(Problem  49,  p.  42.) 

14.  The  molecular  heat  of  combustion  of  benzene  (C&His) 
to  gaseous  <702  and  liquid  H*0  at  constant  pressure  and 
0°  is  given  by  Berthelot  as  784,100  calories. 
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From  the  data  of  the  last  two  problems,  find  the  mole- 
cular heat  of  formation  from  C  (solid)  and  H* 

Answer    6,100  calories. 

Richards  (loc.  cit.). 

15.  Taking  the  following  round  numbers  for  the  heats  of 
the  following  reactions,  at  0°  and  constant  pressure  : 

C  +  02  =  C02  +  97,000  .  .  .  (1) 
CO  +  J  02  =  C02  +  68,000  .  .  .  (2) 
Ht  +  |  02  =  H*0  +  59,000  .  .  (3) 

Find  the  heats  of  the  reactions : 

C  +       |  02  =  CO  (producer  gas). 

C  +  2  H20    =  C02  +  2  Ha. 

C  +     H*0   =  CO  +     H*  (water  gas). 

Answer  from  (1)       and  (2)  -f  29,000  calories. 
„     (1)         „    (3)  — 21,000       „ 
„     (1),(2)  „    (3)  — 30,000       „ 

16.  It  is  required  to  make  a  water  gas  from  air,  steam 
and  carbon,  which  shall  contain  no  C02,  and  without  heating 
or  cooling  of  the  producer.      In    what    proportions,   by 
volume,  must  steam  and  air  (both  at  100°  and  same  pressure) 
be  blown  in  to  bring  about  this  result,  allowing  10  per  cent, 
loss,  by  radiation,  etc.,  on  all  heat  produced  ? 

[C  +      |  02  =  CO  +     (29,000  -  2,900)]  x 
C  +     HiO  =  CO  +  JEZa  -  30,000. 
Let  x  be  number  of  gram  atoms  of  carbon  which  must  be 
burned,  according  to  the  producer  gas  equation  (see  last 
problem)  to  each  gram  atom  burned,  according  to  the  water 
gas  equation. 

And  x  also  represents  the  gram  atoms  of  oxygen  required 
for  the  combustion. 

Answer     2*88  volumes  of  air  to  1  volume  of  steam. 

17.  Expressing  the   weights   of    carbon  and   steam   in 
kilograms,  and  quantities  of  heat  in  kilogram  calories,  the 
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following  are  the  thermochemical  equations  for  the  reactions 
in  a  gas  producer. 

A  (C  +  Oa)  =  A  (COj  +  8,100  Kal. 
A  (C  +  i  02)  =  A(CO)  +  2,430  Kal. 
j£  (IfaO)  (steam)  =  A  (#2  +  i  #2)  —  3,196  Kal. 
It  is  estimated  that  in  a  large  producer,  10  per  cent,  of 
the  total  calorific  value  of  the  fuel  is  required  to  balance 
losses  by  radiation,  etc.     How  much  steam,  therefore,  can 
be  decomposed  by  each  kilogram  of  carbon  burnt? 

Answer     0*507  kilograms. 

For  the  heat  lost  is  810  calories,  and  the  total  heat 
produced  is  2,480  calories. 

Richards  ("  Metallurgical  Calculations  "). 
18.  Assuming  all  the  conditions  of  the  preceding  problem, 
with  the  exception  that  10  per  cent,  of  the  carbon  is  un- 
avoidably burnt  to  <702.  How  much  steam  can  be  used  for 
each  kilogram  of  carbon,  and  what  weight  of  air  is  required, 
in  addition,  to  furnish  enough  02  for  the  combustion  to 
CO  and  <702,  in  the  proportions  statefd  ? 

Answer     0*684  kilograms  of  steam. 

3*859         „  air. 

The  heat  lost  is  the  same  as  before ;  that  produced  is 
greater  (0*1  kilos,  burnt  to  C02  and  0*9  kilos,  to  CO). 

The  weight  of  air  is  calculated  from  that  of  the  extra 
oxygen  required  to  produce  the  CO  and  C02,  taking  the 
volume  composition  of  air  as  4  of  N%  to  1  of  02. 

Differential  and  Integral  Heats  of  Solution. 

(See  Lehfeldt,  "  Physical  Chemistry,"  p.  257.) 

The  heat  effect  observed  on  the  mixture  of  one  part  of  a 
substance  A  with  x  parts  of  B  may  generally  be  expressed 
as  a  function  of  x. 

Thus,  &=/(*). 

The  total  heat  effect  thus  obtained,  e.g.  in  a  calorimeter, 
is  called  the  integral  heat  of  solution  of  so  many  mols.  of  B 
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in  one  of  A.     Thus,  the  heat  evolved  on  mixing  10  mols. 
of  H^O  with  1  mol.  of  H^SO^  may  be  written  : 

Q1Q  =  q  (for  HiSOt  +  x  £T20  when  x  =  10)  =  f(x)w. 


Heat  of  Dilute  Solution. 

A  solution  is  dilute  from  this  point  of  view,  when  further 
addition  of  x  causes  no  further  heat  effect.  The  value  of  x 
has  to  be  determined  for  each  case. 

Heat  of  Dilution  (Integral). 

If  the  original  substance  is  already  partly  diluted,  and 
/  (x)  is  known  for  the  whole  range  of  values  of  x,  the  heat 
of  dilution  between  given  limits  is  easily  found. 

Thus,  for  the  heat  of  dilution  of  H^SO*  10  H^O  with  90 
mols.  more  of  HZO: 

Q  01  -  >100  =  Cxoo  -  Qio  =/( 


Differential  Heat  of  Solution. 

The  heat  evolved  per  mol.  of  B  on  mixing  B  with  infinite 
solution  of  composition  :  1  of  A  to  x  of  B.  Or,  in  the 

language    of    differentials  :  if  x  =  10   (  3^  )  ^  =  10  is 
obtained  by  differentiating  /(#)  with  respect  to  x. 

Heat  of  Dilution  of  Saturated  Solution.     ' 

This  is  a  special  case  in  which  x  has  a  minimum  possible 
value  corresponding  to  the  saturation  concentration  S. 

Thus  (  -p  }  0  is  the  heat  of  dilution  of  a  satu- 

\  dx  /  x  =  S 

rated  solution,  containing  1  of  A  to  S  of  B. 

The  "  last  heat  of  solution  "  is  another  special  case  of  the 
differential  heat  of  solution. 

The  heat  Qx  evolved  on  mixing  x  of  B  (water)  with  1  of 
A  (salt)  is  known,  say,  as  a  function  of  x.  From  this,  it  is 
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required  to  obtain  the  differential  heat  of  addition  of  salt  to 
water,  when  x  corresponds  to  a  saturated  solution. 

Dividing   by  x,  —  is    the    heat    produced    by    adding 


x 


quantities  —  of  salt  to  1  of  water. 

d-i 

x 

7X 


-  a  -  x 
--x 


These  relations  are  shown  graphically  in  the  diagram. 
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Fig.  2. 

The  curve  will  have  somewhat  the  form  shown,  in  which 
ordinates  BC,  B'C'  represent  integral  heats  of  solution 
C'D  heat  of  dilution ;  the  tangents  at  C  and  C'  differential 
heats  of  solution  at  x  =  B  and  x  =  B'. 
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The  problems  following  may  easily  be  solved  by  such  a 
diagram. 

19.  The  heat  evolved  on  mixing  A  mols.  of  H^SO*  with 
B  mols.  of  H^O  is  given  by  the  formula : 

AB  17,860   /rn, 
*  =  B  +  1-19BA  (Thomsen)' 
What  is  the  heat  of  mixing : 

(1)  10  mols.  of  HzSOt  with  1  mol.  of 

(2)  10  mols.  of  HzO   with  1  mol.  of 

(9)  1  mol.  of  HzSOt  with  infinite  water. 
(4)  1  mol.  of  water  with  infinite  H^SO^ 
Answer  (1)  9,400  calories. 

(2)  15,130       „ 

(8)  17,860       „ 

(4)     9,931       „ 

20.  On   mixing  acetaldehyde  with    ethyl  alcohol,   the 
following  amounts  of  heat  were  evolved. 

Plot  the  curve  of  q  against  per  cent,  of  alcohol  and 
aldehyde  and  find  the  heat  evolved  on  mixing : 
1  mol.  of  aldehyde  with  1  of  alcohol. 
3  mols.  of  aldehyde  with  2  of  alcohol. 


Mols. 
per  cent, 
aldehyde. 

q  per  mol. 
mixture. 

Per  cent. 

1 

Per  cent. 

9. 

81-10 
67-17 
64-78 
58-12 
54-70 
52-85 
51-14 

+  396-2 
516-2 
554-5 
675-3 
737-1 
859-9 
962-8 

49-73 
44-22 
42-44 
42-11 
39-06 
34-22 
30-59 

1,000-8 
998-2 
980-6 
987-2 
949-5 
897-4 
781-2 

29-16 
27-09 
24-75 
16-21 

788-5 
711-8 
657-0 
385-5 

Answer    (1)  1,940  calories. 

(2)  3,205        „ 

Note. — The  method  of  plotting  the  molecular  percentage 
of  A  and  B  as  abscissae  is  apparent  from  the  diagram  of 
Problem  18,  p.  30. 

Smits  (Proc.  Roy.  Acad.  Science,  Amsterdam,  1910). 
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21.  In  Problem  19,  above,  express  A  and  B  as  fractional 
mols.  per  1  total  mol.  mixture. 

T} 

Thus  ^  --  D  —  fractional  mols.  of  H^O  (a). 

A  ""j~  JL> 

-.  —  :  —  ^  =  fractional  mols.  of  H^SO*  (I—  a). 
A  -j-  JD 

Plot  <?/  =    j    _?    P  (expressed  in  terms   of   a   and  the 

^u.     —p     £j 

numerical  constants)  against  the  corresponding  values  of  a. 
The  "  closed  abscissa  "  method  of  plotting  is  similar  to  that 
employed  in  the  last  problem. 

Hence,  find  the  value  of  Qf,  when  0*4  mols.  of  H20  are 
mixed  with  0*6  mols.  of  HJSOi.  This  may  be  done  from 
graph. 

Answer  Qf  =  2,900. 

22.  Two  mols.  of  H^SO*  are  added  to,   and  2  mols.  of 
H^O  subtracted  from  a  very  large  amount  of  acid,  of  com- 
position H^SOi  .  10  H^O.     This  process  is  reversed  in  the 
case  of  acid  of  composition  H^SOi  .  3  H^O.    Using  the 
preceding  formula  (Problem  19,  p.  81),  find  the  total  heat 
effect  of  the  two  processes. 

The  heats  in  question  are  the  differential  ~~  and  the 

dxB 

negative  of  differential  —  -^  at  each  concentration. 

axA 

dqA  _  (B  +  I'SA)  17,8607?  -  17,860  X  1'8  X  AB 
dxA~  (B  +  1-8A)* 

17,860£a  dqz        17,860  X 


(B  +  I'SA)*  dxB  '      (B  + 

Answer     14,008  calories  evolved. 

Dolezalek  ("  Lead  Accumulator  "). 

23.  A  solution  of  composition  CuCl*  +  10£T20  is  diluted 
with  b  —  10  further  mols.  of  water.    The  heat  evolved  in  this 

b  X  5,023     .     . 
dilution  is  given  by  the  formula  qb  —  b       ^  ^  calories. 
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The  heat  of  solution  of  Cud*  in  600  mols.  of  water  is 
11,080  calories. 

Find  the  heat  evolved  on  further  dilution  of  CuCl^  + 
600  H%0  (the  dilution  being  continued  until  there  is  no 
further  heat  effect)  ;  also  the  heat  of  solution  of  anhydrous 
Cud*  in  10  mols.  of  water. 

(1)  From  the  formula  find  : 

#(io  --  >»),  tfdo  -  »  600) 

hence  ^(eoo  -  >°°)  =  174  calories.     Answer. 

(2)  q(Q  -  >10)  =  6,231  calories.     Answer. 

Lehfeldt  ("  Physical  Chemistry"). 

24.  Two  mols.  of  NaNOa  dissolve  in  10*9  mols.  of 
water  to  form  a  saturated  solution  at  18°*0.  Taking  2 
mols.  as  the  unit,  the  heat  of  solution  in  12  mols.  of  water 
at  this  temperature  is  —  5,868.,  and  the  heat  of  dilution 

4,700  (x  -  12) 
with  x  mols.  is  -     x+\s.96  J- 

Find  :  —  (1)  The  heat  of  solution  in  dilute  solution  from 
formula. 

(2)  The  heat  of  solution  of  the  dry  salt  in  10*9  mols.  of 
H20. 

(3)  The  heat  of  dilution  of  the  saturated  solution  (i.e., 
that  evolved  by  the  addition  of  1  mol.  of  fTaO  to  a  large 
quantity  of  the  solution). 

(4)  The  last  heat  of  solution  (1  mol.  of  salt  in  a  large 
quantity  of  the  saturated  solution). 

Answer    (1)   —  10,'568  calories. 
(2)  -  5,738 

(3)  <U£    =  _  4,700    -(x  -  12)(a  +  28-96)"1  =  -  121-2 


calories. 

(4)  The  formula  connects  q  with  the  number  of  mols.  x 
of  b  to  1  of  a. 

P.O.  D 
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Change  the  variable  so  that  the  formula  gives  the  heat 
evolution  when  -  of  a  is  added  to  1  of  b  (see  p.  30). 

00 

Answer  —  5738  —  (10'9  X  —  121*2)  =  -  4,417  calories. 

25.  The  mean  molecular  heat,  at  constant  pressure  of 
the  permanent  gases,  at  temperatures  between  0°  and  200°  C. 
has  been  found  to  be  expressed  by  the  formula  : 

Hp  =  6*8  +  0-036L 

Taking  R  as  2*0,  find  a  value  for  Hv  at  0°  C.  and  0° 
absolute  ;  and  a  formula  for  finding  the  true  molecular 
heats  (Hv)  at  any  temperature  absolute. 

Hv  =  Hp  -  R  =  4-8  +  0«036£ 
Hv  (at  0°)  =  4-8.     Answer. 

H9  (at  0°  C.)  —  a  +  2  b'T  (V  being  the  coefficient  of 
increase  of  mean  molecular  heat  as  above). 
=  Hv  (0°  abs.)  +  0-001277 

Hv  (0°  abs.)  =  4-8  -  0*0012  X  273  =  4*5.     Answer, 
and  Hv  (at  T)  =  4*5  +  0'0012T.    Answer. 

26.  Find  the  total    quantity  of   heat  given  out  when 
28'08   grams  of    N2  are    cooled  :    (1)   from  0°  C.   to   0° 
absolute ;  (2)  from  200°  C.  to  0°  C.  at  constant  volume. 

Q  (T >0°)  =  aT  +  i  6T2  =  aT  +  b'T2 

Q(t >0°)  =  a0*  +  6'i9. 

Answer    (1)  Q  =  1,275  calories. 
(2)  Q  =  984 

27.  The   true   specific  heats    per   1   gram  for  C0a  at 
constant  pressure  (Wiedemann)  are  : 

0°  100°  200° 

0-1952  0-2169  0*2387 

Hence,  find  a  formula  for  the  alteration  in  the  molecular 
heat  of  <702  from  0°  to  200°  (Hp) ;  the  mean  molecular  heat, 
at  constant  pressure,  between  100°  and  200°  absolute ;  and 
the  total  heat  given  out  on  cooling  1  mol.  from  200°  to 
0°C. 
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Answer  (1)  Hp  =  B'Q  +  0'00957£. 

(2)  Hp  (mean)  (100  -  200)  =  Hp(0)  +  J  b(T*  +  TI) 

=  7*43  calories. 

(3)  Q  (200 >0°)  =  Hp(Q)t  +  i  b  i2  =  1,911  cal. 

28.  The    mean    molecular   heat    at  constant  pressure 
(mHp)  of  water  vapour  at  any  temperature  may  be  taken 
from  the  formula : 

JET,  =  5*8  +  0-0029*. 

Find  mHp  between  100°  and  200°;  also  the  amount  of 
heat  given  out  by  1  mol.  of  water  vapour  in  cooling  from 
200°  to  liquid  water,  at  0°,  at  constant  pressure. 
QLV  (at  100°)  =  537  calories  per  gram 

hp  (liquid  from  0° >100°)  =  TO. 

Answer     (1)  mHp  =  6 '67  calories. 
(2)  12,117  calories. 

29.  The  mean  molecular    heat  (mHv)  of  C02  has  been 
expressed  by  the  equation : 

mHv  =  5-106  +  0-00334T  -  7'35  X  KHZ* 
Hence,  what  is  the  true  specific  heat  of  CQ%  at  0°  and 
constant  pressure  (Hp)  ? 
HP  =  H<,  +  R,  mHv  =  a  +  VT  -  c'T* 
0HP  =  Z  +  5-106  +  2  X  0-00334T  -  3  X  7'35  X  KHZ* 
=  8*76  calories.     Answer. 

30.  The  specific  heats  of  graphite  and  diamond  at  0°  or 
17°  are  0*1604  and  0*1128  calories  per  gram  respectively. 
The  heats  of  combustion  are  94,810  and  94,310  per  mol.  of 
C02  formed  at  17°. 

Find  the  heat  evolved  in  the  transformation  of  graphite 
to  diamond  at  0°  C. 

500  =  ?0  +  (hg  -  hd)  &t  =  qQ+  (0-0476  X  17  X  12) 

g0  =  490  calories.    Answer. 

Note. — For  such  a  small  temperature  interval  the  true 
specific  heats  are  approximately  equal  to  the  mean  specific 
heats. 

Assuming  a  uniform  decrease  in  the  difference  between 

D  2 
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the  specific  heats  down  to  absolute  zero,  show  that  the 
difference  between  the  mean  specific  heats  0°  —  273°  =  J 
(hg  —  hd)  (hg  =  true  specific  heat,  at  273°). 
Hence,  find  the  heat  of  transition  at  0°  absolute. 


i 

#o  =  412  calories.     Answer. 
Weigert,  Kohlenstoff  (Abegg  "  Handbuch  "). 

31.  The    mean    specific    heat    of    copper  =  0*0939  + 
0*041778  t  between  15°  and  its  melting  point. 

Find  the  total  heat  which  would  be  given  out  when  1 
kilogram  of  melted  copper  is  cooled  from  its  melting  point 
1,065°  to  15°.  The  heat  of  fusion  (QSL)  =  43  calories  per 
gram. 

Answer     161*8  Kalories. 

32.  Below  95°*4  C.  rhombic  sulphur  Sr  is  stable  with 
respect  to  the    monoclinic    form   Sm.     If   the   difference 
between  the  heats  of  solution  for  1  gram  (Qm  —  Qr)  is 
+  2-40  calories  at  0°,  and  +  3'12  calories  at  95°*4,and  the 
mean  specific  heat  mhr  of  the  rhombic  variety  per  1  gram 
is  0*1769  over  this  range,  find  the  mean  specific  heat  of  the 
unstable  variety. 

Let  Qm  _  »r  =  heat  of  transformation. 
£95  -  Qo  =  (Jin  ~  M  X  95*4. 

2hm  =  +  0*0075. 
Answer  01844  calories  per  degree. 

33.  The  specific  heats  of  water  and  ice  being  1*0  and 
0*5   respectively,   and   assumed  constant  over  the  range 
0°  ....  —  9°,   and   the  heat  of  fusion  of   1    gram    at 
atmospheric  pressure  being  80  calories,  find  the  heat   of 
fusion  at  —  9°. 

Answer     Q  =  75*5  calories  absorbed. 

34.  Show  that  the  specific  heat  of  a  solid  at  the  melting 
point  is  less  than  that  of  its  liquid.     Does  this  apply  to 
two  allotropic  forms  with  a  transition  temperature  ?     See 
Problem  32,  above,  and  principle  of  mobile  equilibrium, 
p.  49,  also  Problem  93,  p.  77. 
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35.  The  isothermal  heats  of  combination  of  Zn,  \  02  and  C, 
J  O2  are  84,800  and  29,160,  at  0°  (kilocalories  per  kgm.  mol.). 

Find  (1)  the  heat  of  the  reaction  : 

ZnO  +  C  =  Zn  +  CO  at  1,300°. 

(2)  The  heat  which  must  be  supplied  for  each  kgm.  mol. 
of  Zn  produced,  when  the  reactants  are  added  cold,  and 
the  resultants  taken  from  the  furnace  hot. 

The  quantities  of  heat  given  out  in  cooling  from  1,300° 
to  0°  by  1  kgm.  mol.  of  ZnO,  1  kgm.  atom  of  Zn,  1  kgm. 
mol.  of  CO  and  1  kgm.  atom  of  C  are  17,075,  38,195,  9,766 
and  6,860  respectively. 

Qt  =  2wh  (t  —  to)  —  2wh'  (t  —  to). 
$1300  =  —  80,166  Kalories.     Answer  (1). 
And  QQ  —  2wh'  =  —  103,601  Kalories.     Answer  (2). 
Richards  ("Metallurgical  Calculations  "). 
The    general    formula    for    calculating    the    maximum 
temperature  tx  of  a  reaction  is  based  on  the  assumption 
that  all  the  calorimetric  heat  (e.g.  at  0°)  is  used  to  heat  the 
products  to  tx. 

Thus  for  molar  reacting  quantities 

Q  =  2n'Hrtx  =  the  sum  of  the  heat  capacities  between 
tx  and  0°  of  the  substances  on  the  right-hand  side. 

36.  The  heat  of  formation  of  CuO  is  37,700  kilogram 
calories  (Kal.)  per  kilogram  molecule;   that  of  Al^O*  is 
392,600. 

In  the  following,  quantities  of  heat  are  expressed  as 
kilogram  calories  (Kal.)  per  kilogram  molecule ;  specific 
heats  as  Kal.  per  kilogram  per  degree,  etc. 

The  mean  specific  heat  of  Cu  above  its  melting  point  (see 
Problem  31,  p.  36)  is  taken  as  0-1818. 

The  heat  in  solid  ^^Os  to  the  melting  point  is  estimated 
at  881-8  Kal.,  Q8L,  at  50'9,  and  the  heat  in  liquid  Al*0B 
above  2,200°,  at  0*5935  (t  —  2,200).  Hence,  calculate  the 
temperature  attained  in  this  reduction. 

3  CuO  +  2  Al  =  AWQ  +  3  Cu. 

The     heat    equation    for    Kal.     and    kgm.    mols.    is  : 
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95,321  +  60-66  (t  -  2,200)  +  3  [10,283  +  8'3825  (t  - 1,065)] 
=  279,500.     Answer     t°  =  3,655. 

Amounts  of  heat — Liquid  A12O3  from  2,200°  +  liquid 
Al*03  t°  to  2,200°  +  liquid  3  Cu  from  1,065°  +  liquid 
3  Cu  t  to  1,065°. 

Richards  ("  Metallurgical  Calculations  "). 

37.  Calculate  the  theoretical  temperature  obtained  by  the 
thermic  reaction : 

2  Al  +  Fe^Os  =  AWs  +  2  Fe  (see  Problem  1,  p.  21), 
if  the  total  heat  in  a  kilogram  of  solid  Fe  at  its  melting 

point  (1,600° >0°)  is  300  Kal.,  QSL  is  69  KaL,  and  hm 

(molten)  is  0'25.     Answer     t  =  2,700°. 

38.  From  the  approximate  specific  heats  of  <702  (Problem 
27,  p.  35)  and  H%0  (Problem  40,  p.  39)  and  the  datum  of 
Problem  11,  p.  25,  calculate  the  maximum  temperature  of 
the  oxyacetylene  flame.     Answer     t  =  4,040°  (7. 

First  find  Hp  for  HZ0  by  formula  11,  p.   20,  add  the 
corresponding  value  for  2(702,  and  obtain  the  equation — 
304,700*  =  25*  +  0'0125£2. 

Strictly  speaking,  a  term  containing  a  third  power  of  t  at 
least  (see  Problem  29,  p.  35)  is  required  to  express  the  heat 
content  at  high  temperatures.  Another  cause  of  error  in 
such  calculations  is  the  partial  reversal  of  the  reaction.  See 
"  Gas  Reactions." 

39.  The  mean  specific  heat  of  C02  from  0°  to  t°  =  0'37 
+  0'03  22  «,  and  that  of  the  gases  JV2,  02,  #2  and  CO  =  '303 
+  0'04  27  t  (Kal.  per  cubic  metre  in  each  case).     The  heat 
of  combustion  of  CO  is  3,062  Kal.  per  cubic  metre,  and  air 
consists  of  3*808  volumes  of  N%  to  1  of  02. 

Calculate  the  theoretical  maximum  temperature  for  the 
combustion  of  CO  with  the  theoretical  amount  of  air. 
(0-37  +  0-577)  t  +  (0-Oa  22  +  0'04  514)  t*  =  3,062. 

Answer  t  ==  2,050°  C. 
Richards  ("  Metallurgical  Calculations  "). 

*  The  heat  of  evaporation  of  H20  =  11,000  cal.  has  been  subtracted. 
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40.  The  mean  molecular  heats  of  H%,  0%  and  H%0  are  : 

Hv  =  4-8  +  0-0006  t  (fla  and  Oa). 
Hv  =  5-8  +  0-0029  *  (JPI20). 

If  the  heat  of  the  combination  of  gaseous  Ha  and  Oa  to 
form  gaseous  H%0,  at  constant  volume  and  at  0°  is : 
JET2  +  |  02  =  #20  +  58,300  calories, 
find  a  formula  for  the  alteration  of  the  heat  of  combination 
with  temperature,  and  hence  q  at  t  =  100  and  t  =  200. 
Answer  q  —  g0  =  1*4  t  —  0'002  t2 
£100      =  58,420  calories. 

41.  From  the  preceding,  find  a  formula  for  the  alteration 
of  Qp  with  t  fromO0  to  *°  C.,  and  the  value  of  Q9  at  100°  for 
each  mol.  of  H%0  vapour  and  liquid  formed. 

nH9  =  Hv  +  R  =  a  +  E  +  bt. 

2n  Hp  =  2nHv  +  2«  JR. 
Answer    (1)  Q  -  g0  =  2'4  *  -  0'002  t2. 
(2)  Qm  =  58,793. 

42.  The  mean  molecular  heats  of  H^  02  and  HaO  from 
100°  C.  downwards  may  be  expressed  by  the  formulae  : — 

Hv  =  4-68  +  0'03  26  T  (H2)  02). 
Hv  =  5-62  +  0'03  77  T(H^O). 

If  g  at  100°  =  57,650  for  each  mol.  of  H20  formed,  what 
will  be  the  heat  of  reaction  at  absolute  zero  ? 

Answer  q0  =  114,400  calories  for  2  H*0. 

43.  The  heat  of  formation  of  C02  from  CO  and  \  02  at 
278°  being  68,000  calories,  and  the  specific  heats  as  follows : 

Hv  =  5-106  +  0-00334  T  -  7'35  X  10 -'  T*)(CO*). 
Hv  =  4-68  +  0'03  268  T  (CO  and  O2). 
What  is  the  heat  of  formation  of  2  C02  at  0°  absolute  ? 
Also  deduce  a  formula  for  the  heat  of  reaction  at  any 
temperature,  and  find  q  at  T  =  1,000. 

Answer     qo  =  135,400. 

q  =  135,400  +  3-88  T  -  0'026  586  T2  +  1-47  X  10~6  T8. 
qim  =  134,700  calories. 
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Heats  of  Solution  and  Temperature. 

44.  If  the  mean  specific  heats  per  gram  between  0°  and 
10°  are  as  follows :  MgSOi  (anhydrous)  ==  0'225  ;  H20  =  I ; 
MgSOi  +  20  HtO   (solution)  =  0'744,  find  the  difference 
between  the  heats  of  solution  of  1  mol.  MgSO*  at  10°  and 
atO°. 

QIQ  —  Qo  =  2whm  (10° >  0°)  where  w  are  the  weights 

of  the  reactants  and  resultants. 

Answer     Q10  —  QQ  =  300  calories. 

45.  If  the  mean  specific  heat  of  the  hydrate  MgSO^  7  H%0 
is  0-406  (between  0°  and  10°),  find  the  difference  between 
the  heat  effects  when  1  mol.  of  MgSOt  7  H%0  is  dissolved 
in  13  mols.  of  water  at  0°  and  at  10°. 

Answer  Qw  —  Q0  =  —  230  calories. 
The  heat  of  dilution  of  salt  solution  between  given  limits 
nearly  always  increases  with  the  temperature.  Show  that 
this  leads  to  the  rule,  that  the  specific  heat  of  the  weak 
solution,  multiplied  by  its  weight,  is  less  than  the  sums  of 
the  specific  heat  of  the  strong  solution  and  the  added  water, 
each  multiplied  by  their  weights. 

46.  The  specific  heat  of  #2S04  49H20  is  0-918.      Show 
that  the  heat  capacity   is   nearly  equal  to  that  of    the 
contained  water,  and  calculate  the  maximum  temperature 
attained  when  a  large  quantity  of  H2SO^  is  mixed  with 
water  in  this  proportion  (both  initially  at  15°). 

Answer    t  =  34°. 

The  total  heat  evolved  is  calculated  by  the  formula  of 
p.  31,  and  the  temperature  by  the  method  described  on 
p.  37.  If  the  heat  capacity  of  H2SO^  9Jff20  is  182,  calculate 
the  maximum  temperature  when  the  ingredients  are  mixed 
at  15°. 

Answer     97°. 

What  is  the  rise  in  temperature  At  when  H^SO^ 
is  mixed  with  another  5H2O  ? 

Answer     At  =  10'3°. 
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47.  The  heat  of  solution  Q  of  1  gram  of  S03  in  x  grams 


water  at  15°  is  1Q  (Pfaundler  and  Bronsted),  and 

X  -J-    U  Z 


the  value  of  ~~  from  specific  heats  is  —  ,    nfl/i0  between 
at  x  -|-  U'Uoz 


15°  and  t.    Hence  show  that  Q,  =  Q  +  Q~2,  and 

find  the  heat  of  solution  Qt  of  1  gram  of  S03  to  form  a 
20  per  cent,  solution  at  100°,  150°,  and  200°,  also  the  heat 
of  dilution  Qd  of  98  per  cent,  to  50  per  cent.  H^SO^  at 
100°. 

Answer    Qt  =  540,  575,  611  cal.  Qd  =  49  cal. 
A.  W.  Porter  ("  Trans.  Far.  Soc.,"  Dec.  12th,  1917),  in 
which  there  are  many  other  applications  to  sulphuric 
acid  and  oleum. 

48.  The  following  are  the  heats  of  combination,  at  con- 
stant volume,  at  0°  : 

Fe3  +  2  02  =  Fe80t  +  270,800. 
H2  +  \  02  =  #20  +  58,060. 
Find  the  heat  of  the  reaction  : 

FeBOi  +  4772  =  4  H^O  +  3  Fe, 
begun  and  ended  at  960°  C.,  from  the  following  data. 

The  total  heat  contained  in  1  gram  of  iron  between  0° 
and  960°  is  : 

0-218  t  —  39  calories. 
The  specific  heat  of  FeBOt  in  calories  per  gram  is  : 

hp  =  0-1447  +  0-03  1878  *. 
The  specific  heats  of  H2  and  H^O,  calculated  in  calories  per 

litre  of  gas,  under  standard  condition  (  00.99   )  mo^s*  are  : 
0-303  +  0'04  27  t  (Ha). 
0-34  +  0'03  15  t  (flaO). 
FeB  +  2  02  =  Fe30*  +  270,800^  p 

H2  +  J  02  =  H20  +  58,060  } 

Answer     —  8,060  calories. 
Richards  ("  Metallurgical  Calculations  "). 
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49.  One  gram  of  naphthalene  is  burnt  in  a  calorimetric 
bomb,  which  was  immersed  in  2,200  grams  of  water.     The 
water  value  of  the  bomb,  etc.,  was  480  grams.     The  rise  of 
temperature,  corrected  for  cooling,  was  3°'63.     0*025  grams 
of  iron  wire,  with  a  combustion  value  of  1,600  calories  per 
gram,  were  used  to  initiate  the  combustion. 

What  is  the  heat  of  combustion  of  naphthalene  ? 

Answer     9,688. 
Von  Juptner  ("  Heat  Energy  and  Fuels  "). 

50.  The  following  data  refer  to  a  combustion  by  Krocker 
in  the  (Mahler)  bomb  calorimeter,  of  which  the  water  value 
was  340  grams.     The  calorimeter  contained  2,100  grams  of 
water,  and  the  rise  of  temperature,  corrected  for  radiation, 
was  3°'002.     Weight  of  coal  =  1-0772  grams. 

0'0187  grams  of  iron  were  used,  and  on  account  of  the 
formation  of  H2SO^  and  HN03  a  further  8  calories  must 
be  subtracted. 

The  water  was  evaporated,  and  absorbed  in  Cad*,  its 
weight  being  0*48  gram  per  gram  of  coal. 

QLV  per  gram  of  H^O  —  600  cal. 

Find  the  lower  thermal  value  of  the  coal  (without 
condensation  of  steam). 

(3-002  X  2440)  -  29'9  -  8       R  „„, 

1-0772  b'7t 

Answer     6,764  —  -48  X  600  =  6,476  calories. 
„     Von  Juptner  ("  Heat  Energy  and  Fuels"). 

51.  A  bituminous  coal  is  found  to  have    the   following 
composition    in    grams    per    1,000  :    C  =  752 ;    H  =  52 ; 
0  =  82  ;  N  =  10. 

Hygroscopic  water  =  34  ;  ash  =  70. 
From  the  combustion  values 

C,  02  =  97,600 ;  H2,  0  =  69,000  (liquid  water), 
H2,0  =  58,200  (steam), 

find  the  combustion  value  of  1  kilogram  of  coal,  in  kilo 
calories,  available  for  steam  raising.     Also  the  volume- 
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composition,  and  the  total  volume  of  the  products  of  com- 
bustion with  the  theoretical  quantity  of  air. 

The  total  heat  produced  by  the  combustion  of  C  and  7/2 
minus  that  required  to  vaporise  the  moisture  gives  the  net 
calories  produced  ;  also  the  number  of  mols.  of  combustion 
products,  and  hence  their  volume  at  0°  and  760  mm. 
(1  mol.  =  22-4  litres). 

To  this  must  be  added  the  volume  of  nitrogen  imported 
(i.e.,  4  times  the  theoretical  volume  of  oxygen  for  complete 
combustion),  in  order  to  obtain  the  total  volume  of  flue  gas. 
Answer     7,600  kilogram  calories. 

Total  volume  =  8*596  cubic  metres  composed  of : 

C02 16*34  per  cent., 

HzO  (uncondensed)  7*27, 

N*  76'39. 

Von  Juptner  (loc.cit.). 

52.  A  certain  coal  has  the  following  composition : 
0  =  69-83;  #2  =  4'33  ;  #2  =  0*50  ;  02  =  12-88  ;  hygro- 
scopic water  =  7*25  ;  ash  =  5*71. 

From  this  coal,  gas  was  made  in  a  producer. 

The  weight  of  ashes  was  22*23  per  cent,  of  the  weight  of  the 
coal,  and  they  contained  68*76  per  cent,  of  unburnt  carbon. 

The  lower  calorific  value  of  the  coal  (moisture  uncon- 
densed) was  6,669  calories  per  gram. 

The  gas  produced  had  the  folio  wing  composition  by  volume: 

C02  =  5*21 ;  CO  =  23*99  ;  02  =  0*63  ;   CH*  =  0*25 ; 
jGT2  =  10*64 ;  N*  =  59*28. 

Find  the  cubic  metres  of  gas  produced  from  1  kilogram 
of  coal,  and  its  calorific  power  in  kilogram  calories;  and 
compare  the  calorific  value  of  the  gas  with  that  of  the  coal. 

One  gram  molecule  of  gas  occupies  22*22  litres,  and  the 
calorific  values  in  kilogram  calories  per  cubic  metre  are  as 
follows:  CO  =  3,062;  CH4  =  8,598  ;  H2  =  2,620. 

The  number  of  kilograms  of  carbon,  gasified  from  1 
kilogram  of  coal,  may  be  obtained  from  the  analysis  of  the  ash. 
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The  total  carbon  in  1  cubic  metre  of  the  gas  is  given  by 
the  amount  of  carbon-containing  gases. 

Thus,  there  is  0*0521  of  a  cubic  metre  of  C02,  and  this 
contains  : 

0-054  X  1,000  X  12  ,  .,  .       , 

22'22  X  1,000  kll°grams  of  carbon' 
By  summing  up  these  quantities  of  carbon,  and  dividing 
into  the  quantity  of  available  carbon  in  the  coal,  there  are 
obtained  the  cubic  metres  of  gas  from  1  kilogram  of  coal. 
The  calorific  value  of  each  constituent  being  known,  the 
required  comparison  can  then  be  made. 

Answer     Gas  from  1  kilogram  of  coal 
=  3*43  cubic  metres. 
Calorific  power  of  gas 
=  1,035*5  kilogram  calories  per  cubic  metre. 

Calorific  power  of  gas 

=  53*3  per  cent*  of  that  of  the  coal  from  which  it  was 
obtained. 

Richards  ("  Metallurgical  Calculations  "). 

SYSTEMS   OF   ONE   COMPONENT. 
The  Gas  Laws. 

At  constant  temperature  for  a  fixed  mass  of  one  gas 

pv  =  constant  (Boyle's  law). 
At  variable  temperature  (Gay  Lussac's  law) 

v  =  VQ  (1  +  at)  at  constant  pressure. 
p  =  pQ  (1  -f-  at)  at  constant  volume 
(po,  v0  are  pressure,  volume,  at  t  =  0°). 
pv  =  2?o  VQ  (1  +  at)  at  variable  pressure  and  volume. 

a  ==  JL,  and  the  absolute  temperature  T°  —  t°  +  273°. 


With  the  help  of  Avogadro's  hypothesis,  these  laws  may 
be  expressed  in   the   form   that  •—,  is  constant  for    the 
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molecular  weight  (in  grams),  gram  molecule  or  mol.  of  all 
gases.  The  constant  ^  '  Q°  is  the  universal  gas  constant  R. 

2ii  o 

Therefore  for  n  mols.  of  all  gases 
pv  =  nRT        .         .  ...         (1) 

These  equations  are  strictly  true  only  in  the  case  of 
perfect  gases,  which,  like  other  ideal  and  most  useful 
abstractions,  are  actually  non-existent.  Some  deviations 
from  the  gas  laws  are  considered  on  pp.  53  to  58. 

Adiabatic  Changes. 

If  a  gas  is  allowed  to  change  in  volume  without  gain  or 
loss  of  heat,  then  the   expression  pv*  is   constant.     (For 
meaning  of  Y  see  pp.  8,  61).     Thus  suppose  that  the  gas 
(1  mol.)  expands  from  a  state  pi  Vi  TI  to  p%  v2,  the  tem- 
perature falling  to  T2.     Then  from  (1),  above, 

Pi  vt  =  RTi  and  p2  v2  =  RT2. 
Also 

Pi  V  =  Pz  vf   ......      (la) 

Combining  these  equations  — 

Pi         (v*\y        RTjV2 
p2  '-  :  \vj       '  RT2Vi 


It  can  also  be  proved  that  the  maximum  work  of  this 
expansion 

(3) 


Determination  of  7. 

The  elasticity  of  a  gas  is  denned  as  j—,  . 

/y  /v\  71 

Since  j~    —    —    -    by  Boyle's  law,    the     isothermal 
elasticity  =  —  p. 

*  These  relations  should  be  proved  by  the  use  of  the  equations  (4),  p,  3, 
and  (1),  p.  4. 
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— 

Since  j-  =    -^-   by  equation  (la),  p.  45,  the  adiabatic 

elasticity  =  —  yp. 

The  velocity   V  of  sound  in   a   gas  is  given  by    the 

expression  V  •=  \  Z_E     .....         (4)? 
in  which  D  is  the  density. 

Second  Law  of  Thermodynamics. 

The  maximum  work  A  of  an  isothermal  process  is 
that  which  is  performed  by  the  system  when  the  process  is 
conducted  reversibly. 

A  gas  can  be  expended  reversibly,  driving  a  piston 
against  a  pressure  which  at  each  moment  is  less  than  that 
of  the  gas  by  an  infinitesimal  amount  (in  the  limit  zero). 

A  liquid  can  be  vaporised  reversibly  under  similar 
conditions. 

In  the  case  of  the  gas  (1  mol.)  expanding  between  v±  and 


'2 

A  =  I  pdv  =      ET  —  =  RT  log  -2       .         (1) 

6 


In  the  case  of  the  formation  of  v2  —  vlt  volumes  of 
saturated  vapour  (1  mol.)  from  the  liquid, 

/•* 

A  =  /pdv  =  p(v2-  vj  =  ET    .        .        (2) 
•*  v\ 

The  validity  of  equation  (1),  p.  45,  is  assumed  in  both 
cases. 

During  the  isothermal  expansion  of  a  perfect  gas  U  = 
0  there  is  no  change  of  total  or  intrinsic  energy,  since 
this  is  independent  of  the  volume. 

.  *  .     from  equation  (1),  p.  17, 

*  These  relations  should  be  proved  by  the  use  of  the  equations  (4),  p.  3, 
and  (1),  p.  4. 
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A   =  Q  work  done  =  heat  absorbed,  and  since    from 
equation  (1),  above, 

T  dA  -      KT  loff  V*  -  A      '    O  -   Td~ 
T  dT  ~  S  Vi~        '  '  '  V          '   dT' 

A  reversible  cycle  of  expansion  and  compression  may  consist 
of*— 

(1)  An  expansion  from  vt  to  vz  at  T  +  AT,  in  which 
Q  +  AQ  heat  is  absorbed  by   the  system,  and  A  -f  A4 
work  is  done  by  it. 

(2)  A  compression  from  v2  to  v-±  at   T,  in  which  Q  heat 
is  evolved  by  the  system,  and  A  work  is  done  on  it. 

The  net  heat  absorbed  =  Q  +  &Q  —  Q  is  equal  to  net 
work  done 

=  A  +  AA  -  A  =  R(T  +  AT)  log  JJ  -  RT  log  J. 


For  any  reversible  cycle  whatever  working  between  T 
and  T  +  AT7  it  may  be  shown  that 

A^_Ag__A:r         _     dA 

Q       '  ~(j        ~T'       V  dT 

And  the  maximum  efficiency 

—  ^--       Ar  (4) 

g  +  AQ-'  r  +  AT 

is  independent  of  the  nature   of  the  working  substance. 
Inserting  the  value  of  Q  from  (3)  in  equation  (1),  p.  17, 

U  =  *-TJ*       .....        (5) 

In  actual   cases  U,  A  and  Q  may  be  zero,  positive  or 
negative. 

Thus  in  the  vaporisation  of  a  liquid 

*  The  other  parts  in  which  temperatures  are  changed  need  not  be  taken 
into  account  for  the  present  purpose, 
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Q  =.  the  latent  heat  per  mol. 

A  =  the  maximum  external  work  which  could  be  done 

by  the  vaporisation  of  this  amount. 
U  =  q  =  the  inner  heat  of  vaporisation,  or  change  of 
internal  energy  between  the  condensed  and  gaseous 
states. 
Then,  for  isothermal  vaporisation  at  constant  pressure  : 

dA  di} 

A  =p(vv  —  vL)        Jjr=  far  —  VL)  ^     W 

or  Q  =  T  (vv  —  t^)-7^(Clapeyron's  Equation)      .     (8) 

The  same  equation  may  be  used  for  any  other  change  of 
state  (e.g.,  fusion)  associated  with  a  change  of  volume  vi  to  vz. 
Thus,  in  the  case  of  fusion  : 

Qsr.  =  T  (VL  —  vs)  ^     .        .        .         .        .        .  (3a) 

where  QSL  is  the  latent  heat  of  fusion  at  the  melting  point 

7  rri 

T,  and  ^—  is  the  rise  in  the  melting  point  brought  about 

by  increase  of  pressure  from  p  to  p  +  dp. 

If  the  vapour  obeys  the  gas  laws, 

RT 

vv  =  -  :  (vv  being  the  volume  of  one  gram  molecule) 

and  VL  is  negligible  compared  to  vv. 

2-3026 

•     (4) 


pdT  —  dT 

In  practice,  it  is  the  integrated  form  of  this  equation 
which  is  usually  required  : 


(6a) 
.     (5) 


(log  p*  -  log  pi)  2-303 

Ta  -   Ti 
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Or,  substituting  concentrations  C  for  pressures  p,  and 

applying  the  relation : 

p-CRT 

log  C2  —  log  Ci  =  log  p2  —  log  pi  —  log  Ta  +  log  TI 

=  5/!_M  (6) 

~Mri       Tj 

+  q  being  the  inner  heat  of  vaporisation,  or  the  heat  of 
vaporisation  without  the  performance  of  external  work. 
It  is  experimentally  determined  as  the  heat  of  vaporisation 
in  a  vacuum,  or  of  condensation  in  a  vessel  of  constant 
volume. 

The  same  result  may  be  obtained  by  substituting : 

Q  =  q  +  RT  in  the  equation  (5a)  and  integrating. 

Decisions  as  to  the  nature  and  direction  of  chemical 
changes  are  easily  made  with  the  assistance  of  the 
Le  Chatelier,  Van't  Hoff  principle  of  mobile  equilibrium. 

This  principle  can  be  universally  applied. 

For  example :  if  the  volume  of  the  sy  stem  consisting  of 
liquid  and  vapour  is  slightly  increased,  the  pressure  would 
be  decreased,  were  it  not  that  more  liquid  evaporates,  to 
restore  the  initial  pressure. 

The  conversion  of  liquid  into  vapour  takes  place  when 
the  temperature  is  raised  ;  consequently  this  is  the  process 
which  is  associated  with  the  absorption  of  heat,  and  which 
tends  to  reduce  the  temperature. 

The  solubility  of  a  substance  alters  with  the  temperature 
in  such  a  way  that  the  latent  heat  of  solution  (or 
precipation)  tends  to  annul  the  change  of  temperature 
(see  also  p.  89).  If  the  volume  of  a  gaseous  system  in 
equilibrium  is  altered,  the  molecules  react  in  such  a 
direction  as  will  tend  to  restore  the  original  volume.  The 
constants  of  homogeneous  and  heterogeneous  equilibria 
alter  in  such  a  direction  when  the  temperature  is  changed 
that  the  heat  effect  of  the  consequent  readjustment  tends 
to  annul  the  change  of  temperature  (see  also  pp.  128, 130). 

P.O.  E 
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PROBLEMS. 
The  Gas  Laws. 

*\*  Calculate  the  constant  ~-  for  10  grams  of  Ha,  #2  and 

H^O  (steam). 

At  0°,  and  760  millimetres,  1  gram  mol.  of  each  gas 
occupies  22*40  litres. 

Answer   0*410  litre  atmosphere. 

0-0256   „ 
/  0*0456   „ 

2.  Find  the  pressure  pi  exerted  by  10  grams  of  oxygen  at 
200°  C.  and  a  volume  v\  =  1*3  v,  if  the  pressure  was  1 
atmosphere  and  the  volume  v  at  100°  C. 

Answer  pl  =  0*975  atmosphere. 
What  is  the  volume  v  ? 

Answer   9*55  litres. 

Show  that  the  volume  of  10  grams  of  H2  under  the  same 
conditions  is  16  times  v  in  last  problem. 

4.  The  relative  density  of    NOCl  (air  =  1)  at  0°  and 
760  mm.  is  2*31  (Tilden). 

If  1  litre  of  air  at  0°  and  760  (N.T.P.)  weighs  1*2931 
grams,  and  1  gram  molecule  occupies  22*4  litres,  compare 
the  theoretical  molecular  weight  of  NOCl  with  that  deduced 
from  its  density. 

Answer  65*5  (theoretical). 
66*9  (from  density). 

5.  If  a  gram  molecule  of  gas  measured  at  0°  and  760  mm. 
occupies  a  volume  of  22*4  litres,  find   the  value   of  the 
universal  gas  constant  R  (1)  in  litre  atmospheres ;   (2)  in 
ergs. 

For  the  answer,  see  Table,  p.  11. 

In  calculating  ~,  the  pressure  and   volume  must  be 

expressed  in  the  appropriate  units. 
(For  p,  see  Problem  6,  p.  16.) 
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6.  A  cylinder  of  compressed  oxygen,  having  a  volume  of 
0  litres,  contains  so  much  oxygen  as  would  occupy  1,200 
itres  at  1  atmosphere  and  15°.     It  is  used  to  charge  a 
alorimeter  bomb. 

The  volume  of  the  bomb  is  380  c.c.,  and  the  oxygen 
>ressure  required  for  a  combustion  is  25  atmospheres. 

How  many  combustions  can  be  carried  out  without 
efilling  the  cylinder? 

Answer   100  combustions. 

One  litre  of  oxygen  at  15°  and  1  atmosphere  may  be 
hosen  as  the  unit  of  quantity.  Calculate  the  number  of 
itres  (measured  as  above)  which  must  be  left  in  the  bomb 
n  order  that  the  pressure  may  be  25  atmospheres.  The 
est  is  available  for  combustion,  and  is  to  be  divided  by  the 
rolume  of  oxygen  required  to  charge  the  calorimetric  bomb 
o  the  required  pressure. 

nET  ruRT 

p  =  pi  = . 

v  v 

7.  Defining  the  concentrations,  molecular  normal  and 
lormal  as  one  mol.  and  one  equivalent  per  litre,  find  the 
nolecular  normality  and  normality  of  0%  at  atmospheric 
)ressure  and  0°,  and  also  the  pressure  on  the  interior  of  a 
vessel  filled  with  H^  in  normal  concentration,  at  0°. 

Answer   C  =  0'0447  and  0*179 
p  =  11*2  atmospheres. 

8.  The  absolute  density  (grams  per  1  c.c.)  of  a  vapour  at 
atmospheric  pressure  and  a  known  temperature  (above  the 
soiling  point   of  the  liquid)   may  be  determined  by  the 
method  of  Dumas. 

By  means  of  the  gas  laws,  the  absolute  density  which 
liisobutyl  vapour  (C8Hi8)  would  have  at  0°  and  760  milli- 
metres, if  no  condensation  occurred,  is  found  to  be 
3-0051292. 

The  absolute  density  of  H%  under  the  same  conditions  is 
3-0489873  (grams  per  c.c.). 

E  2 


52       PKOBLEMS  IN  PHYSICAL  CHEMISTKY 

If  the  density  of  hydrogen  is  taken  as  1,  that  of  oxygen 
is  15-88. 

Find  the  molecular  weight  of  diisobutyl  (0  =  16). 
Answer   115'0. 
D  X  2  X  16'OQ 

DH  X  15-88 

M  being  the  molecular  weight  of  the  substance  (0  =  16) 
and  D  and  DH  the  absolute  densities  of  the  substance 
and  H2. 

9.  Deduce  a  formula   for    calculating    the    theoretical 
absolute  density  of  a  gas,  at  any  pressure  and  temperature, 
from  a  knowledge  of  the  molecular  weight  (0  =  16),  and  the 
absolute  density  of  HZ. 

.  n        MXDHX  15-88  X  273  X  P 

AnSW6r    D*=        2  X  16-00  X  T  X  760       ' 
Find  the  absolute  density  of  the  saturated  vapour  of 
CeHsF,  at  0°. 

P  =  20*92  millimetres  of  mercury. 

Answer   D  =  0-03118. 

10.  The  most  generally  useful  method   of   determining 
vapour  densities  is  that  of  Victor  Meyer,  in  which  a  known 
weight  of  liquid   vaporised    at    a    temperature  above  its 
boiling  point  expels  its  own  volume   of  air  at  the  same 
temperature. 

This  air  collected  (often  over  water)  at  room  temperature 
and  pressure  occupies  the  same  volume  that  the  weight  of 
vapour  taken  would  occupy,  if  it  could  be  cooled  to  room 
temperature  and  normal  pressure,  without  condensation. 

In  an  experiment,  0*4068  grams  of  a  volatile  liquid 
displaced  45*3  cubic  centimetres  of  air,  measured  at  15° 
and  740  millimetres,  over  water.  The  saturation  pressure 
of  aqueous  vapour  being  12'7  mm.,  and  the  density  of 
HZ  being  approximately  0'049  at  N.T.P.,  find  the  molecular 
weight  of  the  vaporised  liquid  (0  =  16). 
Answer  M  =  220. 
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11.  What  volume  of  air  at  (1)  80*0°,  and  (2)  100*0°,  will 
be  displaced  from  a  Victor  Meyer  apparatus  by  1  gram  of 
benzene  C6H6 ;  and  what  volume  will  this  air  occupy  (dry) 
at  0°  ?     The  pressure  is  normal  throughout. 

Use  formula  (1),  Introduction,  p.  45. 

Answer    371*3  c.c.  and  392*2  c.c. 

At  0°  and  760  mm.  the  air  occupies 
287*2  c.c. 

12.  Ethyl  ether  (CJ/ioO)  is  to  be  vaporised  in  a  Victor 
Meyer  apparatus  at  100°  C.  and  760  mm.  and  the  air  col- 
lected at  15°  over  mercury,  the  maximum  capacity  of  the 
collecting  tube  (t°  =  12°)  being  100  c.c. 

The  absolute  density  of  H2  at  N.T.P.  is  0*0*9. 
What  is  the  greatest  weight  of  ether  that  can  be  used  ? 
Answer    0*3136  gram. 

13.  Half  a  dgrm.  of  ethyl  ether,  vaporised  in  a  Hofmann 
apparatus,  occupied  50  c.c.  at  252'9  mm.     Find  the  tempera- 
ture of  the  room. 

Answer   £  =  27°C. 

14.  The   mean    coefficient  of    increase  of    pressure    at 
constant  volume  (a)  is  0*003665  per  degree,  and  the  mean 
coefficient  of  increase  of  volume  at  constant  pressure  /3  is 
0*003671  for  air  between  0°  and  100°. 

What  are  the  absolute  zeros  (in  degrees  Centigrade)  on 
the  constant  pressure  and  constant  volume  air  thermometer  ? 
(See  equations,  Introduction,  p.  45.) 

Answer    —  272*4  and  —  272*8. 

15.  A   constant    volume    thermometer    containing    gas 
enclosed  by  mercury  (see  Problem  18,  below),  and  filled 
with   helium   to   a   fixed  mark,  at  0°  and  100  mm.,  was 
heated  to  100°  C.,  the  new  pressure  being  136*643. 

When  it  was  filled  to  the  same  mark  with  air,  at  0° 
and  760  mm.  and  heated  to  100°,  the  pressure  became 
1,038*99  mm. 
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Find  the  absolute  zero  as  defined  by  He  and  air  under 
the  two  pressures. 

Answer    Absolute  zero  =  —  272'9°  C.  (He). 

-  272-4°  C.  (air). 

16.  If  the  pressures  can  be  read  accurately  to  1  milli- 
metre, what  is  the  approximate  accuracy  of  the  temperature 
readings  on  the  air  thermometer,  filled  at  760  mm.  ? 

Answer    0*36  of  a  degree. 

17.  A  porcelain  bulb  containing  initially  285  c.c.  of  air  (vi) 
at  T  =  290°  and  p  =  766'4  mm.  was  heated  in  the  vapour  of 
boiling  cadmium.     The  bulb  was  then  sealed.     The  volume 
of  the  contents  measured  afterwards  at  the  initial  tempera- 
ture and  pressure  was  72  c.c.  (v^). 

If  the  coefficient  of  expansion  of  the  porcelain  is  O'OilSS, 
what  was  the  temperature  of  the  boiling  cadmium  ? 
Answer     T  =  1,164°. 

The  temperature  is  first  approximately  determined, 
neglecting  the  expansion*  of  the  porcelain,  and  the  volume 
vi  of  the  hot  bulb  is  then  obtained  by  means  of  the  formula 
Vl=v{l+p(Tx-  T)}. 

18.  In  the  last  problem  the  volume  of  the  bulb  is  100  c.c., 
and  that  of  the  dead  space  connecting  the  bulb  with  the 
manometer  is  4  c.c.   Calculate  the  total  number  of  mols.  N 
in  the  apparatus,  also  the  number  n  in  the  dead  space  at 
the  initial  temperature  and  that  n\  when  the  bulb  is  at  Tx 
and  dead  space  at  T  =  350°.    Hence  correct  the  preceding 
value  of  Tx,  previously  showing  that— 

(N  —  ni)  Tx 


Answer    N  =  0  004223  ;  n  =  0'000162 ; 

m  =  0-000139 ;  Tx  =  1208. 

18a.  A  closed  manometer  containing  H%  is  used  to  measure 
high  pressures. 

*  Cubical. 
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A  given  volume  v  of  H*  at  0°  and  760  mm.  is  found  to  be 
diminished  to  0*001  v,  by  a  certain  pressure. 

Find  the  pressure,  if  pv  =  0'997393  +  0'01308924 
p  _  0'054257472  p2, 


pv  =PIX  O'OOl*          = 


. 

pv  a-\-b  —  c 

Answer    Pressure  =  449  atmospheres. 
Compare  this    with    the    pressure    calculated    on    the 
assumption  that  pv  remains  constant. 

19.  The  following  are  the  corresponding  values  of  p  and 
pv  for  air,  at  room  -temperature  (Amagat)  : 

p  (mm.)  =    760        5,000          30,000          60,000 
pv  =      I       0-99781        0'98551        0'98041 

From  the  observed  volumes  of  air  in  a  closed  manometer, 
on  the  assumption  that  Boyle's  Law  holds  accurately,  the 
pressures  5,000,  etc.,  mm.  were  deduced.  How  many 
millimetres  must  be  deducted  in  each  case  to  obtain  the 
true  pressures  ? 

Answer     11,  441,  and  1,199  mm. 

20-  A  closed  manometer  of  uniform  bore  contains  30*2 
cm.  of  air  at  atmospheric  pressure.    What  will  the  length 
become  under  a  pressure  of  p\  =  20  atmospheres,  the  inter- 
polated value  of  pv  at  this  pressure  being  0*99  ? 
Answer     1*50  cm. 

Limiting  Densities. 

In  the  case  of  many  gases  at  ordinary  temperatures  the 
product  pv  may  be  expressed  with  sufficient  accuracy  as 
a  linear  function  of  p  at  low  to  moderate  pressures. 

Let  p,  v,  and  p,  v't  be  the  pressures  and  volumes  of  equal 
masses  w  at  N.T.P.,  and  let  pQ,  VQ,  and  pQ,  v'0,  be  those  of 
the  same  gases  at  very  low  (in  the  limit  zero)  pressures  and 
very  large  volumes.     Since  the  coefficient  of  compressibility 
_  d  (pv)  _  a 
dp  (pv) 
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(which  expresses  the  deviation  from  Boyle's  Law)  is  uni- 
form from  pQ  =  0  to  p  =  1, 


(P  —  .Po)  Wo  Wo* 

For  the  second  gas  1  —  a'  =  -^—.. 

Wo 

Let  pi  v±  represent  the  state  of  the  gas  when  p  has  been 
reduced  from  1  to  \  an  atmosphere. 


Then  if      -         =  A        ->  =  2/3) 

£W  ^V 

and  a  =  -  2/3  X 

Wo 

the  numerical  values  of  a  and  2/3  being  nearly  the  same 
when  a  is  small  compared  to  1. 

See  Young  ("  Stoichiometry  ")  ;    Partington  ("A   Text- 

book of  Thermodynamics  "). 

It  has  been  shown  by  D.  Berthelot  ("  Sur  les  Thermo- 
metres  a  Gaz  ")  that  the  true  relative  weights  of  the  gas 
molecules  are  probably  those  derived  from  a  consideration 
of  PQ  VQ,  since  under  these  conditions  the  deviations  from 
the  gas  laws  are  at  a  minimum. 
For  each  gas  : 

pv  =  poV0  {l—a(p—  p0)} 
v    _  D'  VQ  _  ZTp 

v'  ~~  D  v'0~~  Do 

where  Dr  and  D'0  are  the  absolute  densities  under  normal 
and  under  limiting  conditions. 

If  D  is  the  density  of  the  standard  gas  (H^) 

Dr 

g    =  the  relative  density  d  (H  =  1). 

Pv   .  .  j 

~~  t      ~~~     Vy 

PV' 

.  do_  _   pv' 

'* 


t         "~~      «'          ~™~         -w-.  ~~™          •»  /r        J 

PQV'Q  DQ  MQ 

p  . 
.      d{  I  -a'  (p-po)} 
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21.  The  values  of  pv  at  0°  and  1  atmosphere,  taken  as 
unity  in  the   case   of  H%  and  0%,  become  at  0°  and  0*5 
atmosphere  0*999735  (H2)  and  1*00047  (02). 

Assuming  that  a  remains  uniform  down  to  p  =  0,  find 
the  relative  density  do  of  oxygen  at  zero  pressure,  if  d  at 
N.T.P.  is  15-90. 

Answer     do  =  15*88 

Young  ("  Stoichiometry,"  p.  18) ;   Kayleigh  (Phil.  Trans. 
(1903),  204,  351). 

22.  One  litre  of  hydrogen  at  a  pressure  of  2  atmospheres 
is  expanded  isothermally  until  it  occupies  2  litres. 

What  is  the  new  pressure  ? 

Answer     0*4973  atmosphere. 

23.  The  following  are  the  values  of  a  for  the  decrease  of 
pv  between  p  =  1  and  p  =  6  atmospheres.      Assuming  as 
before  that  a  remains  the  same  down  to  p  =  o,  find  the 
limiting  molecular  weights  (02  =  32)  of  the  following  gases 
from  the  relative  densities  (02  =  1  and  p  =  1). 


N2 

CO 

02 

0046 

+  0-00031 

+  0*00046 

+  0*00076 

62865 

0*87508 

0*87495 

1*000 

d  = 


(1  —  a)  (p  — 
Answer     M  =  2*0141,  28*015,  28*007,  and  32*00. 

24.  If  vf  D,  are  the  volume  and  density  of  a  gas  at 
N.T.P.  and  v\,  A,  those  which  would  be  observed  at  N.T.P. 
if  the  gas  laws  were  obeyed  from  zero  pressure,  then  : 


pvi  =  Fo,o;  ,.  Dl  =  D         =  D=D(I-  a). 

The  following  values  of  pv  and  pQvQ  were  found  for  Oa  by 
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an  extrapolation  of  the  observed  pressures,  extending  from 
157  to  876  mm. 


pv 

139,769        139,628 

139,087        138,959 

56,311         56,256 

Hence  calculate  the  mean  value  of  a  (see  previous  prob- 
lems) and  the  ideal  weight  of  a  litre  at  N.T.P.,  if  that 
actually  found  is  1*429  grams. 

Answer  a  =  —  (V000964 
Dl  =  1*4276. 

25.  From  the  data  given  in  the  last  problem  calculate 

M 

the  gram  molecular  volume  Vm  =  jj-ot  oxygen  gas  at  N.T.P. 

using  (a)  the  actual  density  D,  (5)  the  ideal  density  DI. 
Answer    (a)  22*393  litres. 
(b)  22-415      „ 

26.  In  the  case  of  gaseous  HCl,  pv  =  54,803  and  pQvQ 
55213.      The   weight  of  a  litre  of    HCl  at  N.T.P.  being 
1-63915,  what  is  the  molecular  weight  of  HCl  (02  =  32)  ? 

Answer    M  =  36'469. 

Gray  and  Burt  (Journ.  Chem.  Soc.  (1909),  95  II.,  1633). 
The  equation  of  problem  23,  p.  57,  may  be  used,  and  the 
density  of  oxygen  which  was  found  in  the  last  problem. 

27.  A  perfect  heat  engine  working  between  200°  and  300° 
absolute  converts  20  calories  into  work.    What  is  the  actual 
amount  of  heat  given  out  to  the  reservoir  at  200°  absolute  ? 
(see  equation  (2),  p.  47). 

Answer    40  calories 

28.  How  much  heat  would  be  converted  into  work  by  the 
same  engine  working  between  200°  and  100°,  absorbing  at 
200°  the  same  quantity  of  heat  formerly  absorbed  at  300°  ? 

Answer    A  Q  —  30. 

Q  +  AQ  _    T+  AT 

Q  T 
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29.  Defining  the  efficiency  as  the  fraction  transformed 
into  work  of  the  heat  (Q  +  A  Q)  absorbed  at  the  higher 
temperature  (T  +  A  T),  calculate  the  efficiency  of  a  rever- 
sible engine,  working  between  100°  and  0°  absolute. 

Answer    100  per  cent. 

30.  What  are  the  theoretical  maximum  efficiencies  of  a 
steam  engine  (1)  receiving  steam  at  140°  C.,  and  exhausting 
at  105°  C. ;  (2)  receiving  at  250°  C.,  and  exhausting  at  40°  C. ? 

Answer    (1)  8*47  per  cent. 
(2)  40-15  „      „ 

31.  Oxygen  (1  mol.)  originally  at  p  =  1  atmosphere  and 
t  =  100°  C.  is  to  be  used  in  a  "  perfect "  heat  engine.     It  is 
expanded  isothermally  to  v2  =  twice  its  original  volume  vi, 
doing  work  AI,  then  adiabatically  to  v3  =  three  times  its 
original  volume,  doing  work  A%  and  falling  in  temperature  to 
jTa.     Finally,  it  is  compressed  isothermally  at  T2  by  the  per- 
formance of  work  ^3  to  a  volume  v±  such  that  a  subsequent 
adiabatic  compression  to  the  original  volume  will  heat  it  to 
100°  C. 

If  v  =  1'4,  calculate  the  temperature  r2,  the  work  A  in 
each  of  the  four  parts  of  the  cycle,  and  hence  the  work  (in 
litre  atmospheres)  obtained  from  heat  during  the  cycle. 

Compare  the  efficiency  with  that  obtained  directly  from 
T  and  T  +  AT. 

Answer    T2  =  317. 

Ai  =  +  2115;  4a  =  +  H-5;  AB=  — 18'0; 

A*  =  -  11-5. 

56 
378 


See  equations  (2),  (3),  p.  45  ;  (1),  p.  46. 

32.  A  quantity  of  oxygen  originally  at  0°  C.  is  compressed 
adiabatically  vco  one  half  its  volume,  then  allowed  to  cool  at 
constant  pressure  in  a  metal  spiral  in  contact  with  water, 
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at  17°  C.  and  finally  expanded  adiabatically  to  three  times 
its  volume. 

What  are  the  temperatures  immediately  after  the  adiabatic 
compression  and  expansion  ? 

Answer    360°  and  187°  absolute. 

Use  the  adiabatic  equation  (2),  p.  45. 

33.  A  compressor  is  to  deliver  15  litres  of  air  per  minute 
at  a  temperature  of  15°  C.  and  a  pressure  of  12  atmospheres. 
What  volume  v  of  dry  air  at   the  same  temperature  and 
1  atmosphere  must  be  drawn  in  per  minute?    At  what 
rate  must  water  at  10°  be  run  over  the  compression  coils 
(assuming  perfect  heat  exchange)  to  keep  the  temperature 
at  15°?     The  constancy  of  pv  over  this  range  of  pressures 
is  assumed. 

Answer    v  =  180  litres  per  minute. 

2'17  litres  of  water  per  minute  are  required. 

The  value  of  N  is  first  found  from  (1),  p.  45,  and  then  from 
(1),  p.  46,  the  heat  Q  evolved  in  the  (assumed  isothermal) 
compression.  Divide  Q  by  the  cooling  per  gram  of  water 
raised  from  10°  to  15°  per  minute. 

34.  Calculate  the  velocity  of  sound  in  air  at  0°  and 
760  mm. 

y  =  1-40        DHg  =  13'6         Dair  =  0'001293 

F-  A/1'4  X  76  X  13-6  X  98l_ 

V  0-001293  '   §U 

Answer     33,130  centimetres  per  second. 

35.  From  equation  (4),  p.  45,  and  equation  (1),  p.  45,  show 
that  if  the  value  of  v  for  a  gas  does  not  vary  between  0°  and  t° 


36.  Show  that  in  the  case  of  two  gases  at  the  same  tem- 
perature 
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37.  What  is  the  velocity  of  sound  in  air  (feet  per  second) 
at  t  =  20°  C.  ? 

Answer    1,100  feet  per  second. 

38.  The  velocity  of  sound  in  ammonia  gas  at  0°  is  415 
metres  per  second. 

If  NHQ  has  its  theoretical  density,  calculate  y. 

Answer     y  =  1'30. 

39-  If  the  ratio  of  the  velocities  of  sound  in  COa  and  air 
is  0-777,  find  the  value  of  y  (<702).     Take  y  (air)  as  1'405 
and  the  relative  density  d  of  00%  (air  =  l)as  1*529. 
Answer    ya  =  1*30. 

40.  If  Hp  for  COz  has  the  value  which  may  be  calculated 
from  the  datum  of  Problem  42,  p.  39,  at  t  =  20°,  combine 
this  with  the  result  of  the  last  problem  in  order  to  show 
that  Hp  —  Hv  is  slightly  greater  than  R,  2*08  calories. 

41.  In  the  case  of  diatomic  gases  at  ordinary  temperatures 
ya  =  1*4,  and  in  the  case  of  triatomic  gases  y3  =  1*3. 

From  the  results  of  Problem  25,  p.  84,  show  that  the 
former  constant  is  approximately  the  same  at  0°  absolute. 

42.  What  are  the  values  of  y2  and  y3  at  0°  absolute  for 
diatomic  and  triatomic  gases  from  the  general  formula 

oJEZp  =  3*5  -j-  l*5w, 

in  which  n  is  the  number  of  atoms  in  the  gas  molecule  ? 
Answer    oy2  =  1*44 ;  073  =  1*33. 

43.  Find  also  the  value  of  Oyi  of  a  monatomic  gas  at  0° 
absolute. 

Answer    oyi  =  1*66. 

44.  Find  the  molar  heat  Hp  of  ether  vapour  at  100°  C.  if 
y  =  1*06,  and   compare   it  with   that   calculated  from  the 
formula  of  the  last  problem,  which  applies  to  "  permanent 
gases  "  at  low  temperatures,  and  with  the  experimental  value 
hp  =  0*480  cal.  per  gram.     Note  that,  since 
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Answer    Hp  =  35'33  from  y. 

Hp  =  2  5'  5  if  formula  held  good. 
Hp  =  35*5  from  experimental  Hp. 

•n 

45.  Prove  that  —  —  =-  =  Hv>  and  hence  find  the  mean 

molar  heat  Hv  of  a  monatomic,  diatomic,  and  triatomic  gas 
(see  Problem  42,  p.  61),  also  the  work  done  on  or  by  each 
kind  of  gas  (1  mol.)  during  an  adiabatic  change  of  volume 
which  changes  the  temperature  by  20°  C.  See  Problem  81, 
p.  59. 

Answer    Hv  =  3,  5,  and  6'6  ; 

Ai  =  60  ;A2  =  100  ;  A3  =  133'3  cal. 


46.  The  ignition  point  of  electrolytic  gas  SH*.  +  ^2  has 
been  found  by  compressing  it  very  quickly  and  therefore 
under  nearly  adiabatic  conditions  (by  the  fall  of  a  weight) 
to  various  volumes.     The  occurrence  of  an  explosion  at  a 
given  volume  was  registered  by  the  throwing  back  of  the 
weight. 

In  one  experiment  a  reduction  of  volume  from  377  to 
80*2  resulted  in  an  explosion.  If  the  initial  temperature 
was  18°  and  the  initial  pressure  1  atmosphere,  calculate  the 
temperature  of  the  explosion  and  the  pressure  at  the 
moment  when  it  occurred.  The  mean  value  of  y  for 
diatomic  gases  may  be  used. 

Answer    t  =  526°  C.  ;  p  =  34'2  atmospheres. 

Use  equations,  p.  45. 

Dixon  (Journ.  Chem.  Soc.  (1914),  105,  2043). 

47.  In  another  experiment  the  initial  temperature  of  the 
gaseous  mixture  was  100°  C.     Ignition  occurred  when  the 
volume  was  reduced  from  377  to  56.     Calculate  the  ignition 
temperature  and  the  pressure  at  which  it  occurred. 

Answer    t  =  527°  C.  ;  p  =  14*5  atmospheres. 
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48.  The  molar  volume  of  a  liquid  is  the  quotient  of  the 

M 

molar  weight  (formula    weight)  by  the  density  -=.     The 

molar  volumes  of  liquids  at  their  boiling  points  under 
normal  pressure  can  be  calculated  approximately  by  the 
addition  of  volumes  characteristic  of  each  atom  VM  =  2F A. 
If  the  compound  consists  of  a  atoms  of  C,  b  atoms  of 
H,  c  atoms  of  carbonyl  0  ( =  0),  d  atoms  of  hydroxylic 
0  (—  0  -),  then 

VM  —  lla  +  5'56  +  12'2c  +  1-Bd. 

The  specific  volume  (  =  -jr  j  of  an  ester  at  its  boiling  point  is 
1-2066.  The  formula  by  analysis  is  (C^HiO)n.  Compare 
the  molar  volume  f  =  jjl  with  that  calculated  from  2F^. 

Answer    VM  =  108'0  and  106 '2  respectively. 

Note  that,  since  the  substance  is  an  ester,  there  is  one  atom 
of  carbonyl  and  one  of  hydroxyl  oxygen,  and  /.  n  =  2. 

49.  What  is  the  density  of  ethyl  ether  (C^H5)2  -  0  at 
its  boiling  point  ? 

Answer    0'695. 

50.  The  molar  volume  of  ethyl  iodide  at  its  boiling  point 
is  85'7.  What  is  the  atomic  volume  of  the  combined  iodine? 

Answer    36*2. 

The  average  value  from  other  organic  iodine  compounds 
is  37'6. 

51.  What  is  the  molar  volume  of  heptyl  iodide  CiHi&I  ? 

Answer    195*7. 

52.  In  the  case  of   saturated  open  chain  hydrocarbons 

VM 

~-fi-=  constant  =  3'7  on  the  average  when  the  density  is 

taken  at  the  boiling  point.     Thus  in  the  case  of  pentane 
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VM  =  117*8,  N  =  the  sum  of  all  the  valencies  =  (5x4) 


+  12,  and         =8-68. 

53.  Find  the  density  at  its  boiling  point  of  heptane  <77Hi6 
(a)  as  derived  from  this  rule,  (b)  from  the  sum  of  Kopp's 
atomic  numbers  (see  48,  above). 

Answer    D  =  0'614  (a)  ;  =  0'606  (b). 

Surface  Tension. 

The  surface  tension  of  a  liquid  is  the  force  which  tends 
to  decrease  the  surface,  e.g.  that  between  the  liquid  and  air. 
Its  numerical  value  may  be  calculated  from  the  height  h 
(cm.)  to  which  the  liquid  rises  in  a  capillary  tube  of  radius 
r  (cm.).  If  g  is  the  gravity  constant,  and  d  is  the 
density  of  the  liquid  (grams  per  c.c.),  then  the  surface 
tension  y  =  \  h  r  d  g  dynes  per  cm. 

The  work  done  in  forming  a  surface  is  the  surface  energy, 
and  this  expressed  in  ergs  is  numerically  equal  to  the  sur- 
face tension  multiplied  by  the  surface  area.  If  VM  =  the 

M  2 

molar  volume  of  a  liquid  -yy  or  Mv,  see  48  then  VM$  is  the 

molar  surface,  and  yVs  the  molar  surface  energy.  For  many 
substances  of  which  the  molecules  are  not  associated,  or  are 
"  normal  "  in  the  liquid  state,  the  decrease  of  molar  surface 
energy  with  temperature  has  approximately  the  same  con- 
stant value  :  — 

^  =  K,or^-^  =  K.  .(2) 

A£  £2      —      ti 

The  surface  tension  becomes  zero  at  the  critical  temperature 

tc,  but  the  yV$t  graph  ceases  to  be  rectilinear  some  30°  to  50° 
below  tc  and  an  extrapolation  of  the  graph  leads  not  to  tc,  but 
to  a  temperature  A£  =  about  6°  below  te. 

vyFl  =  K(tc  —  &t-t)  .      .      .(3) 

The  constant  K  for  "  normal  "  liquids,  in  which  the  liquid 

molecules  have  the  formula  weight  M,  is  2'04  to   2*22. 
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The  constant  for  associated  liquids  is  quite  different.     If  M1 
is  the  average  weight  of  the  molecules  in  such  liquids,  then 
M'  =  xMt  in  which  x  is  the  "  factor  of  association." 
The  value  of  x  is    found    from   the  assumption   that 

—   =  K  (normal). 


=  -l  =  K1  as      .        .         .  (4) 

f-2    —   l\  Xa 

found  from  formula  using  V  =  -r 

(5) 

Young  ("  Stoichiometry  "). 

Eotvos  (Wied.  Ann.  (1886). 

Ramsay  and   Shields  (Phil.   Trans.    (1893),  184,   647; 

Journ.  Chem.  Soc.  (1893),  63, 1089). 
54.  The  surface  tension  of  ethyl  ether  at  15°  C.  is  19  dynes 
per  cm.     The  density  at  0°  is  0'74,  and  dt  =  dQ  (1  +  0'00150- 
What  is  the  molar  surface  energy  at  15°  ? 

Answer    7  Ff  =  4'15  -  9  ergs. 


55.  In  the  case  of  ether  -      ~  =  21716  what  is  the 

ralueof 
d 


dy  =  O'l. 

Answer    —    -~ 
dt 

56.  In  the  case  of  benzene  tc  =  288'5°  C.  ;  A  t  (formula  (3), 
3.  64)  =  6-5  and  K  =  2-1048. 

Find  the  value  of  yV%  at  100°  and  at  200°  C. 
Answer     383'0  and  172'5. 

57.  If  the  density  of  benzene  at  0°  C.  is  0'899,  and  dt  =  d0 
;i  +  1-176  X  10  -30,  calculate  the  surface  tension  at  30°  C. 

Answer    7  =  26'4  dynes  per  cm. 
P.O.  F 
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58.  To  what  height  will  benzene  at  30°  rise  in  a  tube  of 
0*1  mm.  radius  ? 

Answer    h  =  6*2  cm. 

59.  The  following  results  were  obtained  with  carbon  disul- 
phide  in  a  tube  of  0*0129  cm.  radius : 

t  d  h 

19*4°  1*264  4*20  cm. 

46*1  1*223  3*80   „ 

Find  the  value  of  7  at  the  two  temperatures. 

Answer    7  =  33*58  and  29*41  dynes  per  cm. 

60.  From  the  results  of  the  last  problem  what  is 
value  of  K  in  formula  (2),  p.  64  ? 

Answer    K  =  2*022. 

61.  In  the  case  of  formic  acid  HCOOHthe  increase  ii 
between  16'1°  and  46*4°  was  found  to  be  0*902  per  1°,  am 
between  46*4°  and  79*8°  0*991  per  1°.    If  the  mean  constant 
K  for  non-associated  liquids  is  2*121,  find  the  factor  of 
ciation  x  for  the  two  intervals  of  temperature. 

Answer    x  =  3*60  and  3*13. 

62.  If  v  =  76,  ^  =  0*15,  for  water,  find  y  F*  (d  = 

Answer    521-9. 

63.  What  is  the  value  of  K? 

Answer  1*03. 

64.  What  is  the  factor  of  association  of  water  ? 

Answer    x  =  3. 

Vapour  Pressures  of  Pure  Liquids. 
The  relation  between  vapour  pressures  and  temperaturt 
is  accurately  expressed  by  the  formula  of  Biot — 


By  differentiation  J-  =  5*3019*p  (b  log  oa*  +  c  log  ft  ft1). 

T) 

The  formula  log  p  =  A  —  -~  etc.  (la),  is  also  used.    F( 
the  meaning  of  B  see  pp.  5,  48. 

*  5-3019  =  (2-303)1 ;  see  Introduction,  pp.  2,  4,  and  5. 


EEOBLEMS   IN   PHYSICAL  CHEMISTRY        67 

When  the  vapour  pressures  of  one  liquid  at  various 
imperatures  are  known,  the  temperatures  corresponding 
•  the  same  pressures  for  another  liquid  may  be  deduced 
om  the  relation: 

%L=T±  +  C(T'A-TA)    ....     (2) 
J-  B       IB 


A  __ 


C'  (T'B  -  Ts)  .         .        .        .     (3) 


Eamsay  and  Young. 

Where  TA  and  TB  are  the  absolute  temperatures  corre- 
)onding  to  equal  vapour  pressures  of  A  and  B.  The 
mstant  C  is  small,  and  may  often  be  neglected,  if  the 
quids  are  similar  to  one  another. 

65.  In  the  case  of  ethyl  alcohol  at  *i  =  50°  C.  pi  = 
2-26  cm.,  and  at  t2  =  80°  C.  p2  =  81*71  cm.     Find  the  boil- 
ig  point  under  normal  pressure  (see  p.  7)  and  also  the 
ressure  at  t  =  60°.   Apply  equation(la),  p.  66, in  the  form  log 

2  ~  log  PI  =  B  ( 77T-  ~  TIT  )  to  calculate  B  and  then  p  or  T. 
\  1 1     1 2/ 

Answer     fe  =  77*8° ;  p  at  60°  =  35'5  cm. 

66.  The  constants  of  the  Biot  vapour  pressure  formula 
i  the  case  of  diisopropyl  (CaHs)^  are : 

a  =  14-002278 
6  =  —  10-645849 
c  =  -  1-699429 

log  a  =  1-999,792         log  /3  =  T-995,88068 
The   formula    is   calculated    from  —  10°  upwards,    i.e., 

0  must  be  added  to  the  temperature  (°C.)  before.substitution 

1  the  formula. 

Find  the  vapour  pressure  at : 

«°  =  0°,  100°  and  170° 
Answer    p  =  76'05,  2,409'7,  9,781  mm. 

p  2 
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67.  Correction  of  the  boiling  point  to  normal  pressure  j- 

dp 

can  be  determined  for  each  pressure  by  the  above  formula,  or 
more  roughly  from  the  vapour  pressure,  temperature  graph. 

Find  the  value  of  ,  frr  =  C  for  diisopropyl  at  p  —  760 
dp'  J. 

millimetres,  and,  hence  the  alteration  of  the  boiling  point 
for  a  decrease  of  pressure  from  760  to  750  millimetres. 

The  values  of  p  corresponding  to  t°  =  40°,  50°  and  60° 
may  be  found  and  plotted  against  tt  then  t°  for  p  =  760  mm. 
is  found  from  the  graph. 

Answer     C  =  0*031258. 

At  =  C  X  T  X     &p  =  0-42°. 
Young  (Journ.  Chem.  Soc.  (1902),  81,  777). 

68.  The  value    of   C  is  0'000145    for    liquid    oxygen, 
0*00012  for  most  substances  liquid  at  ordinary  temperatures, 
and  0*0001  for  water. 

If  the  boiling  points   of   Oa,  C&H&  and  HJ)  are  90*2°, 
353°  and  373°  respectively  under  a  pressure  of  760  milli- 
metres, what  will  be  the  boiling  points  under  770  millimetres  ? 
Answer    90*33°. 

353*424°. 
373*373°. 


69.  p  mm. 


Methyl  Acetate 


T 

Propyl  formate 
271*95 


Ethyl  acetate 


20  271*95  269*8 

100  282*05  299-35 

760  353*9  350*1 

2,000  860*9  383-05 

4,000  411*25 

Ramsay  and  Young  (Phil.  Mag.  (1886),  21,  33) ;  Young 

and  Thomas  (Journ.  Chem.  Soc.  (1893),  63,  1258). 
From  the  above    data,   calculate    the    constant   C'  in 
equation  (3)  above,  taking  ethyl  acetate  as  the  standard 
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iquid,  and  hence  find  the  normal  boiling  point  of  methyl 
icetate,   and   the  temperature  at   which   propyl  formate 
ixerts  a  pressure  of  4,000  millimetres. 
Answer  :  — 

C'  for  methyl  acetate  and  ethyl  acetate  =  O^O. 
C"  for  propyl  formate  and  ethyl  acetate  =  0'0448. 
Tm  (methyl  acetate)  =  830°. 
Tim  (propyl  formate)  =  417°. 

69a.  Liquid  ammonia  in  a  bomb  at  17*3°  is  found  to 
ixert  a  pressure  of  6,000  mm.  Find  the  boiling  point  tb  of 
mmonia  at  760  mm.  from  the  corresponding  data  refer  - 
ing  to  saturated  steam,  i.e.  t  =  170°,  p  =  5,950.  The 
onstant  c'  of  the  last  problem  is  neglected. 
Answer  tb  =  —  29°  C. 

jaw  of  the  Rectilinear  Diameter. 

70.  In  the  case  of  non-associated  liquids  the  mean  of 
be  densities  of  the  liquid  and  saturated  vapour  decreases 
[nearly  with  the  temperature. 

Mathias  (Journ.  de  Physique  (1893),  11  ;  (1892),  53)  ; 
(Compt.  Rend.  (1886),  102,  1202;  (1887),  104, 
1563);  Young  (Phil.  Mag.  (1900),  50,  291). 

If  Dt  and  D0  are  the  densities  of  the  liquid  at  tempera- 
ures  t°  and  0°  such  that  Dv  (of  vapour)  is  negligible  com- 
ared  to  Z>,  (of  liquid),  then  DJ%  =  Do/2  +  a  t.  Also,  if 
ae  relation  holds  up  to  the  critical  density  Dc,  when  Dz  =  Dv, 

Do 
A  =  -g  +"tc. 

In   the   case  of  SnCk,  Dm   =   2'279,  Dc  =   0'742  and 


Find  a  in  the  above  formula,  and  hence  calculate  the 
ensity  at  the  absolute  zero,  on  the  assumption  that  the 
iw  holds  down  to  that  temperature. 

Answer     a  =  —  0*001243 


D  =  2-958 
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71.  The  mean   densities  of  pentane  are   connected  as 
follows : 

DL+DV  =  D?  +  at  -  0-3231  -  0-00046* 
A  A 

At  150°,  the  density  of  the  liquid  is  O4604  ;  what  is  the 
density  of  the  vapour  ? 

And,  if  the  critical  temperature  is  197*2°  d,  what  is  the 
critical  volume  ? 

Answer    (1)  0*0478. 

(2)  4*31  c.c.  per  gram. 

72.  Plot  the  following  densities  of  liquid  and  gaseous 
oxygen  (abscissae)  against   temperatures   (ordinates),  and 
draw  the  diameter  of  the  mean  densities. 

Hence,  calculate  the  constants  of  the  rectilinear  diameter 
and  the  critical  density,  if  t  =  —IIS'S0  C. 

t  D  A 

-  210-4°       1-2746       0-0001 

-  182-0°       1-1415       0-0051 

—  154-5°       0-9758       0'0385 

-  140-2°       0-8742       0'0805 

-  129-9°       0-7781       0*1320 

—  123-3°       0-6779       0'2022 

-  120-4°       0-6032       0-2701 

E.  Mathias  and  H.  Kammerlingh  Onnes  (Communica- 
tions from  the  Physical  Laboratory  No.  117,  The 
University,  Leiden). 

Answer     \  (D  +  A)  =  0'1608  —  0  002265*. 
Dc  =  0-4299. 

Thermodynamics  of  Change  of  State. 

73.  The  vapour  pressure  of  water  at  99*5°  is  746'52 
millimetres ;  at  100'5°,  773'69  millimetres.     The  volume  of 
1  gram  of  saturated  vapour  at  100°  is  1*658  litre.    What  is 
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the  value  of  QLV  per  gram,  at  100°  (in  litre  atmospheres), 
if  D"zo  (liquid)  is  taken  as  TO  at  100°? 

Answer  22*065  litre  atmospheres. 
The  value  of  ~~-  may  be  obtained  from  the  above  data, 

and  substituted  for  -~  in  equation  (3),  p.  48. 

74.  Show  that  the  ratio  of  the  energy  required  to  do 
external  work  (A)  to    the    total    energy    required  for   a 

vaporisation    (Q)    is   equal    to     ^,    ,  and    calculate   the 

rp  dp 
1  dt 

value  of  the  ratio  in  the  case  of  the  last  problem. 
Answer    0*075. 

A  =.p  (vv  —  VL).     Combine  this  with  equation  (3),  p.  48. 

75.  pi  for  water  at  273°  ==  4*54  millimetres  and  p%  at 
284*5°  =  10*02  millimetres. 

Find  QLV  and  qLV  for  1  mol.  of  H^O  at  a  mean  tempera- 
ture of  278°,  assuming  that  the  gas  laws  hold  for  aqueous 
vapour  under  these  conditions. 

d  log  c  _      q 


dt       "  RT 

Use  the  equations  (5)  and  (6),  pp.  48,  49. 

Answer     Q  =  10,610  calories  absorbed. 
q  =  10,060      „ 

76.    QLV  for  water,   at  0°  =  604   calories   per   gram. 

QsL       tt  »  »       »    —       80  ,,  ,, 

The  volume  of  1  gram  of  saturated  water  vapour  is 
20,500  c.c.,  at  0°.  Neglecting  the  volumes  of  ice  and 
water,  find  the  difference  between  the  vapour  pressures  of 
ice  and  water  at  —  1°  and  +  1°« 


E-'=  0-389  mm.  =  G'384  mm. 
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Answer :  The  pressure  of  water  is  greater  than  that  of  ice 
by  0-045  mm.  at  —  1°;  at  + 1°,  that  of  the  ice  is  greater 
by  the  same  amount. 

Nernst  ("  Theoretische  Chemie  "). 

77.  The  value  of    ^tLt°r  liquid  benzene  at  its  melting 

point  under  atmospheric  pressure  (5*6°)  is  1*905  millimetres 
per  degree. 

QSL  =  3018  calories  for  1  gram. 
Assuming  the  gas  laws  to  hold  for  the  vapour,  what  is 

the  value  of    ^fF  at  the  melting  point  (ps  orpL  at  t  =  5*6°  C. 
at 

is  85*5  mm.)  ? 
Use  equation— J^  =  »W»  an^  ^n^  ^e  differen 


-^~  as  above  in  terms  of  QLVt  R  and  T. 

dps  __  &PL  __  QSL 
Ps^t     pLdt  ~~~  jRT2 

^Ps.-.dpL  =  QSL  (Ps  or  PL) 
dt  "  dt  '  jRT2 

Q  and  R  must  of  course  be  expressed  in  the  same  units. 
Answer    ~  =  2*44  mm.  per  1°. 

78.  Solid  benzene  (0'4727  gram)  in  thermal  contact  with 
the  ice  of  a  Bunsen's  calorimeter  was  distilled  into  a 
vacuum.  The  new  ice  formed  in  the  calorimeter  expelled 
0'9954  gram  of  mercury. 

Specific  volume  of  ice  at  0°  =  1*090 

„        „  water  at  0°  =  I'OOO 

„  mercury  at  0°  =  0*07355 
QSL  =  79*8  calories  absorbed  (ice  >  water  at  0°). 
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What  are  the  latent  heats  of  evaporation  (qsv  and  QSL)  of 
solid  benzene  ? 

Answer     137  calories  per  gram. 

14-4. 

•L:t^          »  »         » 

79.  The  latent  heat  of  evaporation  QLV  of  liquid  benzene 
between  20°  and  50°  may  be  expressed  as  : 

QLV  =  107-05  -  0158  (*°  -  20). 
Griffiths  and  Marshall  (Phil.  Mag.  (1896)  [5]  41,  1). 
Assuming  that  this  holds  good  down  to  0°,  calculate  QSL 
at  0°  from  the  above  data  and  those  of  the  last  problem. 
Answer    QSL  =  144  —  110  =  34  calories  per  gram. 

80.  In  the  preceding  examples  the  molecular  weight  of 
benzene  vapour  has  been  assumed  to  be  78.     It  can,  of 
course,  be  found  approximately  from  the  vapour  pressure 
curve  which  gives  QM  together  with  the  experimental  value 

of  Q  for  1  gram,  since  -J-j  =  M. 

The  vapour  pressure  of  liquid  benzene  at  its  melting 
point  5*4  is  36'0  mm.  From  the  change  of  p  with  t 
(Problem  77,  p.  72)  and  the  value  of  QLV  (Problem  79, 
above),  find  the  molecular  weight  of  benzene. 

Use  the  approximate  formula 

QM 


A*         RT* 
Answer    M  =  761. 

81.  The  vapour  pressures  of  water  and  of  ice  at  0°  are 
4-6  and  4'6,  and  at  —  9°  are  2'33  and  2*08  mm.  respectively 
(Ramsay  and  Young).  What  is  the  maximum  work  of  trans- 
formation of  18  grams  of  water  to  ice  at  the  two  tempera- 
tures ?  Compare  these  with  the  heats  of  fusion  (Thermo- 
chemistry, Problem  33,  p.  86).  See  equation  (2),  p.  46. 

o.qq 

A  =  4-57  X  264  x  log  |^|  =  59'4 

Answer     59'3  calories  at  —  9°. 
O'O  0°. 


74       PEOBLEMS  IN  PHYSICAL  CHEMISTRY 


82.  From  the  previous  data,  assuming  that  ^-  for  solid 

d/u 

and  liquid  benzene  does  not  vary  much  over  10°,  find  the 
affinity  of  transformation  (in  calories)  of  1  gram  of  the 
liquid  to  the  solid,  (1)  at  -  4-6°,  (2)  at  +  15'4°. 


p  at  5-4°  =  36*0  =  1-905 


%=  2-446 
dt 

Answer    A\  = 


calories. 


83.  It    has    been  remarked   that  the  value  of 


is 


practically  constant  for  all  liquids  which  are  not  associated 
in  the  liquid  or  vapour  condition  (Trouton's  Law)  (where 
QLV  =  the  latent  heat  of  vaporisation  of  1  mol.,  and  T  = 
the  absolute  temperature  of  vaporisation  at  a  constant 
pressure).  Find  the  constant  for  the  following  liquids : 


Compound 

C6H6 

C5H5N 

H*0 


Q  per  gram. 

94-4 
101-4 
536-6 
216-5 

97-0 


i°for  a  pressure  of  760mm. 

80-2° 
117'° 
100-° 

78-2° 
118-5° 


CH3COOH 

Marshall  and  Eamsay  (Phil.  Mag.  (1896)  [v.]  41,  38). 
Answer     20'65,  20'62,  25'64,  28'09,  14'89. 

N.B. — The  molecular  weight  used  in  these  calculations  is 
the  simplest  formula  weight,  e.g.,  CH^COOR.  for  acetic  acid. 

84.  The  average  value  of  ~y  being  21 -0,  find  the  latent 

heat  of  vaporisation  per  gram  of  a  liquid  with  a  molecular 
weight  of  120,  which  boils  at  200°  C. 

Answer     82*8  calories  per  gram. 
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85.  If  ^  =  20,  K  =  2  and  the  vapour  of  a  liquid  obeys 

the  gas  laws  at  p   =  760  mm.,  show  that  the  rise  of  the 
boiling  point  due  to  an  increase   of  pressure  equal  to   1 

T 

millimetre   of    mercury    is    approximately  in    the 


neighbourhood  of  the  normal  boiling  point. 

Roy.  Coll.  Sc.  Ireland  (Exam.  1909—1910). 

86.  The  constant  ^-  varies  with  the  temperature  -^  = 

9-5  log  T  -  0-007  T  (Nernst). 

Hence,  find  the  increase  of  pressure  (millimetres  of 
mercury)  required  to  cause  a  rise  of  0*1°  in  the  normal 
boiling  point  at  atmospheric  pressure  in  the  case  of  0% 
(tb  =  -  182°  C.)  and  Hgl*  (tb  =  +  354°  C.)  (equation  (4), 
p.  48). 

Answer  dp  for  0*1°  =  7*3  and  1*3  mm.  respectively. 

87.  Find  a  general  formula  by  means  of  which  QLV  may 
be  calculated  in  ergs  for  any  liquid  of  which  the  liquid  and 
vapour  densities  are  known,  as  well  as  the  constants  of  the 
Biot  vapour  pressure  formula  (see  Problem  66,  p.  67). 


X  T(vr-vL). 

The  Biot  formula  expresses  the  vapour  pressures  in 
millimetres  of  mercury  at  0°.  If  the  density  of  Hg  at  0°  = 
18-5956,  g  =  980'5966  and  1  calorie  =  4'188  X  107  ergs, 
a  formula,  with  numerical  constants  connecting  p  (in  milli- 
metres), t?F,vL  in  cubic  centimetres  per  gram,  a,  /3,  bt  c;  f,  T 
and  Q  (for  1  gram). 

Answer  :— 

Q  =  168775  (b  log  aa<  +  c  log  £/3<)  P  ^^  VL)  T 

Mills  (Journ.  Phys.  Chemistry,  8). 
Young  ("  Stoichiometry  "). 
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88.  The  pressures  of  diisopropyl  at  three  temperatures 
have  been  calculated  in  Problem  66,  p.  67.      The  liquid 
and  vapour  densities  at  these  temperatures  are  as  follows  : 

t  =  0°  t  =  100°  t  =  170° 

DL  =  0*6795  0-6821  0'4885 

Dv  =  0'03384  0-009901  0'04292 

Find  the  corresponding  values  of  QLV. 
Answer    85'11. 
68-28. 
49*36. 

89.  What  is  the  external  work  in  calories  for  the  vapori- 
sation of  1  gram  of  diisopropyl,  (1)  at  0°,  (2)  at  170°  C.,  as 
calculated  (a)  from  p  v,  (b)  from  E  T,  assuming  that  the  gas 
laws  hold  for  the  vapour  ? 

Answer    (1)  (a)  6'30  (b)  6'30. 
(2)  (a)  6-61  (b)  10-2. 

The  former  of  these  values  is,  of  course,  the  correct  one 
at  170°. 

90.  It  has  been  further  shown  by  Mills  (Journ.  Phys. 
Chemistry)  that,  on  a  theory  of  molecular   attraction,  a 
constant  ratio  should  be  found  between  the  inner  heat  of 
vaporisation  q,  and  the  difference  of  the  cube  roots  of  the 
liquid    and    vapour    densities.     Calculate    this    ratio    for 
diisopropyl  C6ffu  at  0°,  100°  and  170°. 

Answer     97'81,  97'81,  and  97'71  (*/—          */  —  )• 

91.  Effect  of  pressure  on  the  transition  temperature  of 
condensed  phases,  i.e.,  solids  or  liquids. 

If  FI  and  F2  are  the  volumes  of  equal  weights  of  the  two 
phases  (1)  and  (2),  and  Q  the  heat  absorbed  in  the  trans- 
formation of  this  weight, 


Compare  equation  (3a),  p.  48.    If  F2  is  greater  than  FI, 
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then  an  increase  of  pres  sure  will  obviously  raise  the  transi. 
tion  temperature,  as  in  the  case  of  the  change  liquid  to 
vapour.  The  case  of  ice  and  water  was  studied  by  Lord 
Kelvin  (1851). 

The  specific  volume  of  ice  at  0°  is  1*091,  and  that  of 
water  1*000.  QSL  =  80  calories  absorbed. 

By  how  much  does  an  increase  of  pressure  of  1  atmo- 
sphere alter  the  melting  point  of  ice,  and  what  is  the 
melting  point  of  ice  under  the  pressure  of  its  own  vapour 
(4'6  millimetres  at  0°)  ? 

dt        273(0-001  -  0-001091) 
Tfr  =  ^        80  X  0-0413        '  =  ~  °'0074  '     AnSWer' 

,   0-0074  X  755-4 
+  -         76Q         -  =  +  0-0073°.     Answer. 

92.  The  latent  heat  of  fusion  of  paraffin  wax  at  52*7°  and 
1  atmosphere  being  35*35  calories  per  gram,  and  the  increase 
of  volume  on  melting  being  0*125  c.c.  per  gram,  find  the 
melting  point  under  a  pressure  of  10  atmospheres. 

Answer     52*97°. 

Edser  ("  Heat,"  p.  872). 

93.  Below  95*6°  monoclinic  sulphur  (Sm)  spontaneously 
changes  into  rhombic  (Sr),  while  above  this  temperature 
the  reverse  change  takes  place.     This  is,  therefore,   the 
transition  temperature. 

By  applying  the  principle  of  mobile  equilibrium  (see 
p.  49)  decide  .whether  heat  is  absorbed  or  evolved  in  the 

change  Sr >  Sm. 

If  the  transition  point  is  raised  by  0*0399°  for  each 
atmospheric  increase  of  pressure,  and  the  heat  of  trans- 
formation is  3*12  calories  per  gram,  compare  the  specific 
volumes  of  Sr  and  Sm.  See  also  Problem  32,  p.  36. 

_T(Vm-Vr)dp 
v  "  1,000       dt 

Answer     Vm  —  Vr  =  0*014  cubic  centimetres. 

Reicher. 
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94.  The  transition  of  NH±N03  /3  to  v  at  32°  absorbs 
5*02  calories  per  gram,  and  D  decreases  from  1*72  to  1*66. 

Find  -j--  in  degrees  C.  per  atmosphere,  and  the  transition 
point  t0°  under  a  pressure  of  1  ton  per  sq.  in. 

Answer     ~  =  0*031   t°  =  36'8. 
dp 

Van't  Hoff  ("  Studies  in  Chemical  Dynamics  "). 

95.  Under  what  pressure  should  water  boil  at  t  =  100'2°  C. 
according    to   the   approximate   formulae  of  Problems   67 
and  68  ? 

Answer     765*36  mm. 

96.  If  the  normal  boiling  point  of  methyl  salicylate  is 
224°  C.,  calculate  that  at  750  mm.  from  the  formulae  of 
p.  48  and  Problem  86,  p.  75. 

Answer    t  =  223'4°  C. 

97.  What    is    the     heat    of    vaporisation    of    bromo- 
naphthalene  at  its  normal  boiling  point,  280*5°  C.,  and  at 
what  pressure  p  must  it  be  boiled  to  maintain  a  constant 
temperature  of  t  =  261°  C.  ? 

Answer     QLV  =  12,400  cal. ;  p  =  504. 
Use  the  same  formulae  as  in  the  last  problem. 

SYSTEMS  OP  TWO  COMPONENTS : 
MIXTURES,  SOLUTIONS. 

Mixtures  of  Gases. 

The  gas  laws  may  be  applied  to  each  gas.  The  partial 
pressures  pi,  etc.,  are  to  one  another  as  the  numbers  of 
mols.  or  as  the  volumes  which  each  would  occupy  under  the 
same  pressure. 

pi n\ n\RT         p  Vi 

Pz       n%          p          nJRT        v2 

1.  A  sample  of  coal  gas  (a)  has  the  composition  H2  =  48, 
CO  =  8,  CH*  =  36,  C*Hi  =  3'8,  N2  =  4'2  per  cent,  by 
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volume   Oi,  r2,  etc.),   and  water  gas  (b)  the  composition 
JEfa  =  51,  CO  =  49  per  cent.     What  weights  can  be  lifted 
by  1  cubic  metre  of  each  gas  at  S.T.P.  in  air  at  S.T.P.  ? 
Answer     (a)  635  grams,  (b)  790  grams. 
D  of  air  =  0'001293. 
Molar  volume  V  =  22,400  c.c. 
Weight  of  1  cubic  metre  =  106  D. 
ni  mi  +  Vimi  -\-         ,       .,       , 

^~         100  F  ' by  (1)>  above- 

2.  If  1  litre  of  "  atmospheric  "  nitrogen  weighs  1*2572 
grams,  calculate  the  theoretical  percentage  of  the  (mona- 
tomic)  argon. 

Answer    1-2  per  cent. 

3.  If  5  grams  of  air  occupy  1  litre  at  27°  C.,  what  is  the 
partial  pressure  of  the  oxygen  ? 

Answer     0*089  atm. 

4.  It  is  required  to  make  10  litres  of  air  saturated  with 
CHCh  vapour  at  t  =  20°.     If  p  (CHC13)  is  160  and  P 
(total)  =  750  mm.,  calculate  the  volume  of  air  required 
(at  t  and  750  mm.)  and  also  the  weight  "w"oi  CHCIQ. 

Answer    v  =  7'87  litres;  w  =  10*4  grams. 

Additive  Relations. 

Some  physical  properties  of  solutions,  both  liquid  and 
solid,  can  often  be  calculated  with  a  useful  accuracy  from 
those  of  the  constituents  by  the  mixture  law.  Thus  if  the 
physical  properties  in  question  referred  to,  unit,  mass  (or 
weight),  are  Si,  S2,  etc.,  the  weights  of  1,  2,  etc.,  in  the 
mixture  are  wi,  w2,  etc.,  and  the  specific  property  and  weight 
of  the  solution  are  S  and  w  respectively,  then — 

WS  —  WiSi  +   Wg/Si  + (1) 

In  the  particular  case  of  a  binary  mixture  containing 
Pi  per  cent,  of  1  and  .'.  100  —  p\  per  cent,  of  2  : 

100  S  =  piSi  +  (100  -  P!)  S2       .         .         .     (2) 
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Densities  and  Specific  Volumes. 

If  the  volume  V  of  a  mixture  is  equal  to  the  sum  of  the 
volumes  of  its  constituents, 

V  =  V1  +  F2      ......     (la), 

y 

and  —  =  v  =  specific  volumes. 
w 


The  volumes  of  the  constituents  may  also  be  expressed  as 
the  products  of  the  numbers  of  mols.  n,  etc.,  each  into  the 
molar  volumes  VM,  etc. 


Then  if  the  mixture  law  holds  it  follows  that  — 
wv=V  =  m  VMl  +  n*  Vm  +     .  .     (4) 

1.  It  is  required  to  make  1  litre  oiNHCL    What  volume 
of  the  concentrated  acid  of  density  T19,  and  containing  37*23 
per  cent,  of  HCl,  must  be  taken  ? 

Answer    82  c.c. 

2.  What  volume  of  concentrated  sulphuric  acid  D  =  1*840 
containing  95'6  per  cent.  HySot  and  what  volume  of  water 
must  be  taken  in  order  to  make  1  litre  of  50*11  per  cent. 
acid  D  =  1*400? 

Answer    398  c.c.  of  acid  ;  666  c.c.  of  water. 
Thus  the  mixture  law  does  not  in  general  hold  for  con- 
centrated solutions  of  electrolytes.    A  further  example  will 
illustrate  the  use  of  density  tables  for  rapid  analysis. 

3.  A  mixture  of  NH±N03  and  an  organic  nitro-compound 
insoluble  in  water  (150  grams  together)  is  extracted  with 
250  c.c.  of  water,  and  the  density  of  the  solution  is  found  to  be 
1-090,  corresponding  to  20'85  per  cent,  of  NHiN03  in  the  solu- 
tion.   Find  (a)  the  percentage  of  NH^N03  in  the  mixture  ;  (b) 
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the  change  of  volume  Av  on  solution  of  so  much  NH±NO 
as  is  required  to  make  100  grams  of  solution  of  this  strength. 
The  density  of  solid  NH^NOa  is  1*72.  The  water  is  sup- 
posed not  to  change  in  volume  when  it  dissolves  the  salt. 

Answer    (a)  44  per  cent.  (b)  Av  =  0'5  c.c. 

(b)  If  D  =  density  of  solution,  D0  =  density  of  water, 
x  —  percentage  NHiNOa, 

100       100  —  x 
*V=-D         -DT" 

4.  The  atomic  volume  of  tin  is  16*186  and  that  of  lead  is 
18'259  at  t  =  20°.  The  volume  occupied  by  a  weight  of 
the  alloy  equal  to  Sn*Pb  is  50*67.  Find  the  percentage 
change  of  volume  Av  which  results  from  the  mixture. 

Answer    Av  =  expansion  of  0'08  per  cent. 
Taking  the  atomic  volumes  of  tin  and  lead  in  the  alloys  as 
16'176  and  18*318,  calculate  the  density  of  solder  containing 
equal  weights  of  the  two  metals. 

Answer    D  =  8*9.    Use  formula,  p.  80. 

Dilute  Solutions. 

Consider  a  dilute  solution  containing  n  mols.  of  a  non- 
volatile solute,  dissolved  in  N  mols.  of  a  solvent. 

If  1  mol.  of  the  liquid  solvent  occupies  a  volume  of  V 
litres,  and  if  P  is  the  osmotic  pressure  of  the  solute, 

.....     (1) 


the  constant  R  having  the  same  numerical  value  as  in  the 
gas  equation,  p.  50. 

By  considering  the  isothermal  transference  of  1  mol.  of 
the  solvent  from  solvent  to  solution  as  vapour,  and  from 
solution  to  the  solvent  by  an  osmotic  mechanism,  it  may  be 
shown  that  the  following  relation  holds  (Van't  Hoff,  Rayleigh 
Donnan)  : 


(2) 

P.C.  G 
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(p  is  the  vapour  pressure  of  the  solvent,  pi  that  of  the 
solution). 


P  _.  P  -  Pi  _  n 


lo        _. 
8 


(3) 


(See  p.  2.) 

This  equation  allows  the  osmotic  pressure  to  be  calculated 
from  the  lowering  of  the  vapour  pressure. 


Fig.  3. 


Pi 


(4) 


And  V  (c  c }  —  ~  ^  ==  m°lecular  weight  of  solvent). 
D  (D  =  density  of  the  liquid  solvent). 


p  __  ApDRT 
pi  M 


.     (5) 


(R  being  expressed  in  appropriate  units). 
In  the  case  of  dilute  solutions  QLV  is  the  same  for  the 


PROBLEMS   IN   PHYSICAL  CHEMISTRY       83 


raporation  of  1  mol.  of  solvent  from  the  pure  solvent  or 
om  the  solution.     (See  diagram.) 

dJ^=^jLPl  =  ^    (see  p.  48), 

fl 

•  log  *-•  is  independent  of  the  temperature. 

The  heat  of  vaporisation  QLV  may  be  taken  as  constant 
rer  the  range  of  temperature  AT,  between  T,  the  boiling 
)int  of  the  pure  solvent,  and  TI,  that  of  the  solution. 
It  then  follows  from  equation  (5),  p.  48,  that 
.  QLV 


If  T  and  TI  be  the  freezing  points  of  the  pure  solvent  and 
.e  solution,  and  QSL  be  the  heat  of  fusion  of  1  mol.  of  the 
ire  solvent,  it  may  be  similarly  shown  that 


log  P  =  n        QSL  AT 
Zpi       N~~  RTTi 


(7) 


o  2 
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RT*n 
-  Q^N   ......    (8) 

Molecular  elevation  and  depression 

~  =  -  -^  (small  letters  refer  to  the  solute). 

Let  the  gram  molecular  weight  (as  defined  by  Avogadro's 
Law)  be  dissolved  in  an  arbitrary  weight  W  (1,000  grams)  of 
the  solvent. 

Then,  since  ^  =  Qi  =  latent  heat  of  change  of  state  for 
1  gram  of  solvent, 


. 
also  Arm  =       :     f  (freezing)       ....  (10) 


TK  and   Tf  being  the  boiling  and  freezing   points  of  the 
pure  solvent. 

If  the  solute  exerts  a  vapour  pressure,  then  by  drawing 
the  total  pressure  curves  of  the  solvent  and  the  solution,  and 
the  partial  pressure  curve  of  the  solute,  it  may  be  shown 
that  : 

(n\    __(n\      .    QLV  AT 

W*      W/r1    ~RT^T 

L  and   V  referring  to  the  ratio  of  mols.  solute  to   mols. 
solvent  in  the  liquid  and  the  vapour. 

If  the  solute  separates  as  a  (dilute)  solid  solution  with  the 
solvent,  then,  applying  the  laws  of  solutions  to  the  solid 
solution  also  : 


-  oa 


One  of  the  most  important  practical  applications  of  these 
laws  is  the  determination  of  the  molecular  weight  of  the 
solute  or  solvent. 
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Thus,  for  a  weight  w  of  solute  of  molecular  weight  m 
ssolved  in  W  grams  of  solvent  of  molecular  weight  M : 

(BT*^ 


w 


(13) 


The  quantity  enclosed  in  brackets  is  a  constant  for  a  fixed 
Qount(100or  1,000  grams,  orc.c.)  of  the  solvent,  and  may 
s  determined  once  for  all,  either  from  Q  and  T  for  the  pure 
Ivent,  or  a  freezing  or  boiling  point  determination  with  a 
lute  of  known  molecular  weight. 

Then  if  AT  refers  to  a  substance  of  unknown  molecular 
3ight  m, 


AT 


w 


.    (14) 


being  the  weight  of  the  solute  dissolved  in  the  arbitrary 
dght  or  volume  of  the  solvent. 

The  following  are  some  constants  for  the  elevation  of  the 
iling  point,  or  the  depression  of  the  freezing  point,  when 
gram  molecule  of  a  solute  is  dissolved  in  a  kilogram  of 
e  specified  solvent. 


Solvent 

*f 

A'/  J 

tb 

A4 

ater     . 

0° 

1-86° 

100° 

0*519° 

mzene  . 

5-4 

5-1 

80 

2-70 

iphthalene  . 

80 

6-9 

lenol    . 

41 

7-3 

132 

3-04 

trobenzene 

5-5 

7-0 

'207 

5-02 

hylene  bromide  . 

8 

12-0 

132 

6-43 

hyl  ether    . 

35 

210 

iloroform     . 

61 

8-60 

etic  Acid     . 

17 

3-9 

118 

3-00 

hyl  Alcohol 

78 

117 

etone  . 

56 

1-70 

hyl  Acetate 

75 

2-70 
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Phase  Rule. 

The  relations  between  the  pressure,  temperature,  and  con- 
centration of  mixtures  can  be  represented  by  plane  P,  T  and 
(7,  T  diagrams  sufficiently  well  for  many  practical  purposes. 

The  phase  rule  theoretically  deduced  by  Willard  Gibbs 
forms  the  most  important  guide  in  constructing  and  inter- 
preting these  diagrams. 

Components.  Let  n  be  the  number  of  component 
or  least  number  of  independently  variable  molecular  speci< 
which  are  required  to  express  the  composition  of  all  the 
phases  of  a  system.  Thus  NH^Cl  (solid,  vapour)  has  one 
component,  while  A^CZ^solid,  vapour,  and  excess  NH3)  has 
two  components,  Na%SOi  and  water  has  two,  and  Na2SOi, 
MgCl*  and  water  has  four,  since,  given  the  concentration  of* 
three  salts  (or  ions),  that  of  the  fourth  is  determined  by 
the  stoichiometrical  laws  (law  of  electrical  neutrality). 
Similarly,  the  system  two  salts  with  a  common  ion  and 
water  has  three  components. 

Phases.  Let  r  be  the  number  of  phases.  A  gas  or 
mixture  of  gases  forms  one  phase.  A  pure  liquid,  solution, 
or  mixture  of  liquids  forms  one  phase.  Each  pure  solid 
forms  a  separate  phase,  but  if  there  is  reason  to  expect  the 
presence  of  a  solid  solution  (see  Problem  26,  p.  99)  then 
the  two  solids  mutually  dissolved  constitute  only  one  phase. 

Thus  CaCOs,  CaO  and  COa  form  three  phases,  two  solids 
and  a  gas  (two  components). 

In  the  absence  of  vapour  the  system  I  in  C&HQ  (liquid 
and  solid  solutions)  consists  of  two  phases  (two  components). 
But  a  "  cryohydrate  "  Nad  2  H%0,  ice  and  solution  consists 
of  three  phases  (two  components). 

Degrees  of  Freedom.  Let/  be  the  number  of  degrees  of 
freedom,  or  factors  (pressure,  temperature  and  concentration 
of  each  component)  controlling  the  system,  which  can  be 
altered  at  will,  without  causing  an  alteration  in  the  number 
of  phases  (appearance  or  disappearance  of  a  phase). 
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Thus  consider  the  factors,  pressure  and  temperature,  con- 
rolling  the  state  of  the  system  water,  liquid,  and  vapour. 
The  temperature  can  be  altered  at  will,  but  only  with  con- 
jcomitant  variation  of  the  pressure.  If  the  temperature  is 
fixed,  so  also  is  the  pressure,  and  any  attempt  to  alter  it 
leads  to  the  disappearance  of  the  liquid  or  vapour  phase. 
The  system,  therefore,  has  one  degree  of  freedom. 

If  one  more  phase,  the  solid,  or  ice,  is  added,  the  number 
of  degrees  of  freedom  is  0,  while  if  one  more  component,  a 
salt,  is  added,  the  system  solution,  vapour,  has  two  degrees 
of  freedom.  Thus  in  simpler  cases  the  number  /  is  known 
by  experience,  and  the  number  of  phases,  etc.,  consistent 
with  equilibrium  is  given  by  the  equation  : 
/=n-r  +  2. 

Systems  in  open  vessels  are  usually  not  in  equilibrium 
with  the  air,  but  tend  to  lose  vapour,  or  to  gain  or  lose 
water  vapour.  The  resulting  changes  of  concentration  may 
be  slight  during  the  time  of  experiment.  Such  systems 
are  sometimes  treated  as  systems  of  liquids  or  liquids  and 
solids  alone  under  the  barometric  pressure,  and  the  phase 
rule  is  applied  to  them  as  if  the  vapour  phase  were  absent. 
The  number  r  is  diminished  by  1  (the  vapour),  but  so 
also  is  /  (the  pressure).  Thus  the  system  NaClH^O 
(solid,  solution,  vapour)  is  univariant,  and  is  so  also  in  an 
open  vessel. 

The  Vaporisation  of  Mixtures. 

Two  Liquids.  Let_p^,  pB,  be  the  partial  pressures  of 
the  vapours  from  liquids  A  and  B  mixed  in  the  proportions 
XA  mols.  of  A  and  1  —  XA  of  B  at  a  temperature  at  which 
the  vapour  pressures  of  pure  A  and  B  are  PA,  PB.  The 
total  pressure  P  of  the  mixture  is  pA  and  pB. 

The  following  cases  frequently  occur  : 

Immiscible  Liquids. 

P  =  PA  +  PB  ...  .    (1) 

for  any  proportion  of  each. 
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Partly  Miscible  Liquids. 

P  <  PA  +  PS,  but  >  PA  or  PB.  The  total  pressure  of 
each  is  increased  by  the  addition  of  the  other,  but  becomes 
constant  when  two  liquid  phases  are  present. 

Liquids  Miscible  in  all  Proportions. 

In  the  case  of  two  liquids  which  are  normal,  i.e.,  not 
associated  or  dissociated,  the  vapour  pressure  of  each  can 
often  be  calculated  with  considerable  or  fair  accuracy  by  the 
mixture  formula — 

PA  =  PA  XA,  PB  =  PB  (1  ~  XA)         .         .         .     (2) 
(the  P,  x,  graph  is  a  straight  line). 

Or,  writing  rv  for  the  ratio  of  mols.  A  to  mols.  B  in  the 

vapour  (     =  —  )  and  rL  for  the  corresponding  ratio  in 
\          PB  i 

the  liquid  mixture  (  —  -= — - —  J , 

rv  =  rL  j±  =  KrL (3) 

*J 

In  the  case  of  other  pairs  of  liquids  the  pressures  may 
sometimes  be  calculated  from  the  compositions,  or  vice  versd, 
by  means  of  the  equation — 

rv  =  raLk  .  .     (4) 

The  P,  x,  curves  may  be  convex  upwards  (concave  to  the 
x  axis  or  abscissa),  i.e.,  P  >  XA  PA  +  (I  —  XA)  PB,  or 
concave  upwards,  i.e.,  P  <  XA  PA  +  (1  —  XA)  PB'  If  in 
the  first  case  the  curve  has  a  maximum  (P  >  either  P^  or 
PB)  or  a  minimum  (P  <  either  PA  or  PB),  then  in  both 

cases  -3—  =   0,   and   by  means  of    the  general  relation 

XA      dPA    i    1  —  ^A  dpB  __  n  f~ 

—  •    ~5 —  ~~  —  ".  .«         •         •         •     l"J 

PA      dxA  PB      dxA 

it  may  be  shown  that  the  composition  of  the  vapour  is  the 
same  as   that  of  the  liquid.      Thus    these    mixtures  of 
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minimum  and  maximum  boiling-point  respectively  are 
constant  boiling  mixtures.  Whether  they  can  be  easily 
separated  depends  on  the  form  of  the  P,  x,  curves. 

According  to  the  "  principle  of  mobile  equilibrium  "  (p.  49), 
the  composition  of  distillates  from  mixtures  which  do  not 
distil  unchanged  must  alter  during  distillation  at  constant 
temperature  in  such  a  direction  that  the  pressure  of  the 
remaining  liquid  falls,  and  therefore  the  formation  of 
vapour  is  checked.  In  accordance  with  this,  the  boiling 
point  under  constant  pressure  of  mixtures  rises  during 
distillation. 

If  the  second  component  is  non-volatile  at  the  tempera- 
ture in  question,  the  partial  pressure  of  B  is,  of  course, 
identical  with  the  total  pressure. 

Maximum  Work  and  Heat  of  Dilution,  Solution, 

etc.    See  also  p.  29. 

The  maximum  work  of  combination  of  1  mol.  of  a  volatile 
substance  (e.g.,  water)  with  one  which  is  non-volatile  under 
the  conditions  (e.g.,  H2SO^  a  salt)  is  given  by 

A  =  RT  log  ^         .        .         .        .  (1) 

p  =  pressure  of  pure  solvent  ;  p^  =  its  pressure  over  the 
solution. 

If  Q'LV  is  the  heat  of  vaporisation  from  the  solution, 


Combining  this  with  the  corresponding  equation  for  the 
pure  solvent  (5),  p.  48, 


Q'Lv-QLV  =  Q       •  .  •      (3a) 

the  heat  absorbed  on  separating  1  mol.  of  the  solvent  from 
bhe  solution,  or  the  heat  of  mixture  (evolved).  This  may  be 
defined  in  different  cases  as  — 
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(a)  The  negative  of  the  differential  heat  (absorbed)  on 
dilution  of  the  unsaturated  solution  at  the  concentra- 
tion in,  question,  heat  of  dilution  (evolved). 

(6)  The  heat  (absorbed)  on  precipitation  of  so  much  salt  as 
is  dissolved  in  1  mol.  of  the  solvent  as  a  saturated 
solution,  heat  of  solution  (evolved). 

(c)  The  heat  (absorbed)  on  separation  of  1  mol.  of  solvent 
from  the  crystal  to  form  a  lower  solvate  or  anhydrous 
salt,  heat  of,  e.g.,  crystal  hydrate  formation  (evolved). 

PROBLEMS. 
Optical  Rotation. 

1.  The  rotation  of  the  plane  of  polarisation  of  light  by 
solutions  of  cane  sugar  is  approximately  proportional  to  the 
amount  of  sugar  in  the  solution.     It  is  also  proportional  to 
the  length  of  solution  traversed  by  the  ray. 

The  wave-length  of  the  light  and  also  the  temperature 
must  be  denned. 

The  specific  rotatory  power  is  defined  as  the  rotation 
brought  about  by  1  gram  in  1  cubic  centimetre  of  solution, 
the  length  of  the  column  traversed  by  the  ray  being  one 
decimetre. 

If  a  is  the  rotation  of  the  D  line  (sodium  light)  caused 
by  a  length,  I  decimetres,  containing  w  grams  in  1  cubic 
centimetre : 

\_a]D  =  r— —  (specific  rotation). 

The  rotation  caused  by  2  decimetres  of  a  solution  of  cane 
sugar  at  20°  containing  20  grams  in  100  grams  in  100  cubic 
centimetres  is  +  26'6.  Find  [a]^. 

Answer    66'5°. 

2.  Deduce  a  formula  for  the  relation  between  the  rotation 
of  a  solution  contained  in  a  tube  2  decimetres  long  and  the 
number  of  grams  of  cane  sugar  in  100  cubic  centimetres  of 
the  contained  solution.    By  means  of  this  formula,  deter- 
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mine  the  rotation  of  a  solution  containing  10  grams  in 
100  c.c-,  in  a  tube  of  this  length. 


P  =  grams  in  100  c.c. 
Hence,  P  =  0*752  a 

10  =  0-752  a 

a  =  13'3°.    Answer. 

3.  The  value  of  [a]D  for  completely  inverted  cane  sugar  is 
approximately  —  19*66  at  20°.  A  sample  of  pure  cane  sugar 
before  inversion  is  found  to  have  a  rotation  of  +  13*3°  in 
the  2  decimetre  tube.  After  a  partial  inversion  the  rotation 
had  fallen  to  +  2*96.  What  is  the  weight  of  laevulose  in 
100  c.c.  solution  at  this  time  ? 

Answer     3  (31)  grams. 
CuHuOii  +  H20  =  C6#i206  +  C6Hi206  dextrose  + 

laevulose. 

As  a  first  approximation  the  difference  between  the 
weights  of  sucrose  and  the  resulting  invert  sugar  may  be 
neglected,  giving  the  first  result.  Or,  if  it  is  taken  into 
account,  the  change  of  [a]D  is  66*5  +  20*7,  and  the  weight 
transformed  must  be  multiplied  by  360/342. 

3a.  A  solution  of  2'26  grams  of  mixed  sugars  in  25  c.c. 

was  completely  inverted,  the  change  of  rotation  in  a  2-dcm. 

tube  being  4*45°.     Find  the  percentage  of  sucrose  if  [a]o  for 

invert  sugar  referred  to  this  weight  of  sucrose  =  21*5°. 

Answer    28  per  cent. 

Density  Moduli  for  Dilute  Solutions. 

4.  The  densities  of  equivalent  normal  salt  solutions  at  a 
fixed  temperature  can  be  expressed  in  terms  of  a  standard 
density  (normal  NH^d,  D  =  1-0158,  at  18°)  by  the 
addition  of  specific  increments  AA  and  A£,  due  to  the 
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replacement  of  NH^  by  another  kation  B,  and  of  Cl  by 

another  anion  A. 

D  (normal  AB)  =  1-0153  +  A^  +  AB. 
If  all  the  solutions  are  m  normal  : 
D  (m  normal  AB)  =  D  (m  normal  NH^Cl)  + 


The  density  of  N.  NaCl  =  1-0388  at  18°;  that  of  .V. 
(NHt)2SOt  =  1-0313.  From  these,  combined  with  the 
density  of  N.  NH^d,  find  A  for  Na  and  for  J  £04,  and  the 
density  of  normal  Na2SOt. 

Answer     ANa  =  0*0235. 

AJS04  =  0-0160. 

D  (Na2SOi)  =  1-0548. 
The  density  of  2  N.  NH^Cl  =  1-0299,  and  AJ£a  =  0'0739. 


5.  Find  the  density  of  2  N.  NaCl  and  that  of  a  solution 
containing  1  gram  molecule  of  BaCl2  per  litre. 

Answer    D  (2  N.  NaCl)    =  1-0789. 
D  (2  N.  Bad*)  =  1-1777. 
(See  Ewell,  "Physical  Chemistry.") 

Dilute  Solutions. 

6.  A  solution  containing  2'47  grams  of  ethyl  benzoate 
dissolved  in  100  grams  of  benzene  has  a  vapour  pressure  of 
742*6  millimetres  at  80°;  pure  benzene  having  a  vapour 
pressure  of  751  '86  millimetres,  and  a  density  of  0'8149  at 
the  same  temperature.     Find  the  osmotic  pressure  of  the 
solution. 

Ap       RT  X  1,000  D 
Deduce  P  =  —  X  -       -~- 
pi  M 

Equation  (5),  p.  74. 
Answer     P  =  3*78  atmospheres. 

(Solute   non-volatile  ;    specific   volume   of   the   benzene 
unaltered  in  solution.) 
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7.  Show  that  the  osmotic  pressure  P  of  a  solution  freezing 
at  AT0  lower  than  the  freezing  point  of  the  pure  solvent,  is 
equal  to : 

AT  X  Qi  X  1,000  D 

TI  being  the  freezing  point  of  the  solution,   and  Qi  the 
latent  heat  of  fusion  of  the  solvent  in  litre  atmospheres 
per  gram. 
For,  if  V  is  the  volume  in  litres  of  1  mol.  of  solvent 


KJT 

and  V  litres  = 


1,000  D 

p        QM&T  x  1,000  D 
~T~~ 

A  solution  of  ethyl  benzoate  in  benzene  freezes  at  a 
temperature  lower  by  0'840°  than  the  freezing  point  of 
pure  benzene  (see  Table,  p.  85). 

If  QSL  =  30*08  calories  per  gram,  and  DL  at  the  melting 
point  =  0*8875,  find  the  osmotic  pressure  of  the  solution. 
Answer    3*325  (3*35)  atmospheres. 

From  the  above  data  deduce  ATm  =  5*1  for  benzene, 
and  from  this,  calculate  directly  the  osmotic  pressure. 
P  =  CRT.  Use  the  above  formula,  or  from  the  value  of 
AT  given  and  that  for  Arm  on  p.  85  deduce  n  =  0*165  mols. 

per  1,000  grams  solvent,  and  hence  P  from  P  =-  RT. 
Q  and  R  must  be  expressed  in  the  appropriate  units. 

8.  The  value  of  QLV  for  benzene  at  its  boiling  point  80*2° 
is  93  calories  per  gram.  What  is  the  elevation  of  the  boil- 
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ing  point  ATm  for  1  mol.  in  100  grams,  and  for  1  mol.  in 
100  cubic  centimetres  ?     D  =  0-815. 
Answer     26-5°. 
325°. 

9.  0*4559  grams  of  iodine  dissolved  in  30'  14  grams  of 
ether    raised  the  boiling  point  from  35°  to  35'126°.     The 
molecular  weight  of  ether  being  74*0,  and  QLV  =  90  calories 
per  gram,  find  the  molecular  weight  of  iodine. 

Answer     252. 
Beckmarm  (Zeitsch.  physikal  Chem.  (1890),  5,  76). 

10.  The  latent  heat  of  fusion  of  benzene  is  30*5  calories 
per  gram  ;  tf  =  5'4°  ;  find  ATm  (1,000  grams). 

Answer     5*1°. 

11.  From  the  following  experimental  data,  calculate  A77m 
(100  grams)  for   the   solvent   diphenyl  (C6H5)2,   and  the 
lowering  of  the  freezing  point  produced  by  the  addition  of 
0-3345  gram  of  <7C74  to   10'779  grams  of  (C6H5)2.     The 
pure  solid  melts  at  70°. 

511  grams  of  water  were  added  to  13-79  grams  of  (C6H5}2 
(liquid)  at  70'5°. 

The  specific  heat  of  water  may  be  taken  as  1-0,  that  of 
solid  diphenyl  =  0-386  (mean  over  the  range  15°—  70°  C.). 
The  temperature  rose  from  15-078°  to  16-41°. 
Answer     QSL  =  28-5  calories  per  gram. 
=  82-7°. 


The  heat  given  out  by  the  liquid  (C^H^  during  solidifica- 
tion and  cooling  from  70'5°  to  16-41°  is  sufficient  to  raise 
the  temperature  of  the  water  by  1-332°.  Hence,  calculate 
QSL  for  one  gram. 

12.  A  solution  containing  O'OOl  gram  molecules  of 
ZnCl2  in  1,000  grams  of  water  freezes  at  —  0-0055°,  while 
one  containing  0-0819  mols.  freezes  at  —  0-3854°. 
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A7Tm  for  water  being  taken  as  1*89,  find  the  number  of 
osmotically   active  molecules  (i)  in   one   stoichiometrical 
molecule  of  ZnCl^. 
(See  equation  (5),  p.  154.) 

Answer     2-91. 
2-49. 
H.  C.  Jones  (Zeitsch.  physikal  Chem.  (1893),  11,  547). 

13.  Five  grams  of  silver  nitrate,  dissolved  in  1,000  grams 
each  of  ethyl  alcohol  and  water,  raise  the  boiling  point 
by  0-0348°  and  0-0306°  respectively.     Find  the  factors  of 
dissociation  of  the  silver  nitrate  in  the  two  solvents. 

Answer     0*98  AgN03  (in  ethyl  alcohol))   _  M'(foimd) 
0'5  AgN03  (in  water)  )  " "  ^(formula). 

14.  The  following  are  values  of  the  elevation  of  the 
boiling  point  when    naphthalene  (CiQH8)  is   dissolved   in 
chloroform. 

The  boiling  point  of  chloroform  is  61 -2°. 

QLV  (1  gram)  =  61'0. 

60*81  grams  of  chloroform  were  used  throughout. 


Grams  C1QH8 
1-0171 
2*0266 
5-0695 

7-0898 


AT 
0-475 
0-942 
2-320 
3-205 


Beckmann  (Zeitsch.  physikal  Chem.  (1890),  6). 
Calculate  ATm  (100  grams  solvent)  from  QLVt  and  from  the 
experimental  data,  by  plotting  the  grams  of  CioH8  against 
ATm  and  extrapolating  to  infinite  dilution. 

Answer     ATm  =  36*6  from  Q. 

ATm  =  36-4,  36-2,  35  6,  35'2. 

15.  Find  a  formula  for  the  molecular  elevation  of  the 
boiling  point  of  water  (A  Tm  100  grams)  from  the  formula 
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Q  —  606-5  —  0'708£°;  also  the  values  of  the  constant  ATm 
at  t°  =  70°  and  t°  =  100°. 

Answer     4*2. 
5-2. 

_  0-02  (273  +  *)2 
606-5  -  0-708*' 

16.  When  4*04  grams  ol  benzoic  acid  are  dissolved  in 
100  grams  of  acetic  acid  they  lower  the  freezing  point  by 
1'215°,  and  when  4'725  grams  are  dissolved  in  100  grams  of 
benzene  they  lower  the  freezing  point  by  0*983.  Find  the 
apparent  molecular  weights  in  the  two  solvents. 
Answer  130  and  260. 


17.  For   non-associated   solvents  the   ratio  -       =  20'6, 

J-b 

on  the  average.     Hence,  prove  that   ATm  (1,000  grams 
solvent)  =  0-000096  MTb. 

RT*M 
'  Q  1,000 

Also,  find  approximately  A  Tm  for  ethyl  acetate.  (See  table.) 
Answer    2  '94. 

18.  What  is  the  molecular  lowering  of  the  freezing  point 
for  1  mol.  of  a  solute,  dissolved  in  1,000  mols.  of  (a)  benzene, 
(b)  nitrobenzene  ? 

Answer     0'0653°  (a). 
0-057°    (6). 

19.  If  A!Tm  is  the  molecular  lowering  of  the  freezing  point 
for   1  mol.  of  a  solute  in  1,000  grams  of  a  solvent,  and 

!~^  is   a  constant,  show  that  the  lowering  for  1  mol.  in 

1,000  mols.  of  solvent  divided  by  the  freezing  point  is  also  a 
constant,  and  equal  to  0'00023°  for  benzene,  and  to  0'00021° 
for  nitrobenzene. 

_       RT 


MT  ""  1,000  Q 
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20.  To  what  accuracy  in  degrees  must  the  thermometer 
e  read  in  order  to  secure  a  1  per  cent,  accuracy  in  the 
lolecular  weight  of  a  substance,  of  which  ra  =  200  under 
tie  following  conditions : 

One  gram  is  dissolved  in  100  grams  each  of  (1)  water, 
I)  benzene,  and  the  methods  of  (a)  freezing  point,  (b)  boil- 
ig  point,  are  used  ? 

Other  errors  being  excluded,  the  percentage  error  of  m  is 
hie  same  as  that  of  ATm. 

Answer    (1)  (a)  O'OOl0  (b)  0'0002°. 
(2)  (a)  0-003°  (b)  O'OOl0. 

21.  An  amalgam  containing  T142  grams  of  tin  dissolved 
i  100  grams  of  mercury  was  heated  in  the  vapour  of 
lercury,  boiling  at  a  pressure  of  768*8  millimetres.     The 
apour  pressure  over  the  amalgam  was  754' 1  millimetres, 
^hat  is  the  molecular  weight  of  the  dissolved  tin  ? 

Answer   117*4:. 
pi       wM 

m  =ip  -  w 

Ramsay  (Journ.  Chem.  Soc.  (1889),  55,  582). 

22.  The  saturation  pressure  of  aqueous  vapour  at  17'0° 
eing  14-395  millimetres,  find  that  over  a  1  per  cent,  solution 
E  (1)  urea  (CO(NH2)2))  (2)  cane    sugar   (CuHaaOii),  and 
*)  potassium  chloride  (KCl),  assuming  the  two  former  to 
e  present  as  single  molecules,  and  the  latter  to  be  fully 
issociated. 

Also,  what  will  be  the  osmotic  pressures  of  the  three 
)lutions  ? 

Answer  (1)  p  =  14'30  mm. 
(2)  P  =    4-03  atm. 

23.  It  has  been  observed  that  the  melting  point  of  silver 
i  air  is  955°;  in  a  vacuum,   962°.      Nitrogen    does  not 
issolve  in  silver. 

When  10  grams  of  molten  Ag  are  kept  in  contact  with 

P.O.  H 


98       PROBLEMS  IN  PHYSICAL  CHEMISTRY 

oxygen  at  a  pressure  of  760  millimetres,  they  absorb  21*35 
c.c.  of  02,  measured  at  N.T.P.    (See  Problem  70,  p.  194.) 

If  QSL  f°r  1  gram  of  Ag  at  its  melting  point  is  24*7  cal. 
(Pionchon),  and  1  c.c.  of  02  at  N.T.P.  weighs  0-001429 
gram,  calculate  the  melting  point  of  Ag  in  air  from  its 
melting  point  in  a  vacuum  (formula  (6),  p.  83). 

Answer     AT  =  10'4°. 
TI  =  951'5°. 

Donnan  &  Shaw  (Journ.Soc.Chem.Ind.(l9W),29,  988). 
24.  What  will  be  the  ratio  of  the  vapour  pressures  of  two 
solutions,  containing  respectively  w2  =  1  and  n\  =  0'36 
mol.  of  H^SOi  in  1,000  grams  of  water,  if  the  mean  value 
of  i  for  H%SOi  in  this  range  of  concentrations  is  2*22  ? 

Answer    ^  =  T026. 

JP2 


^2        N  X  2-3- 

Dolezalek  ("  Lead  Accumulator  "). 

25.  The  actual  vapour  density  of  acetic  acid  (CH^COOH) 
is  1*61  times  the  theoretical  density  at  its  boiling  point,  under 
normal  pressure.  Compare  the  actual  vapour  pressure  in  a 
solution  containing  1  mol.  of  a  non-  volatile  solute  in  1,000 
grams  of  acetic  acid  with  that  which  would  be  observed  if 
the  acetic  acid  were  not  associated. 

Answer   pi  =  692  mm.  (observed). 

pl  =  716  mm.  (theor.). 

If  pi  is  the  vapour  pressure  when  1  mol.  is  dissolved  in 
1,000  grams, 

p  —  pi  __     M 
pi       '  1,000  ' 

Raoult  and  Recoura,  Van't  Hoff. 

26.  Iodine  is  known  to  be  dissolved  in  benzene  as  72. 
When  the  solution  is  frozen  the  solid  which  separates  is 
found  to  contain  1%.  This  J2  is  known  to  be  in  solid  solution, 
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Decause  the  ratio  between  the  percentage  of  /a  in  the"  solid 
md  in  the  liquid  is  constantly  0*357. 

Hence,  find  what  should  be  the  value  of  A!Tm  for  <76#6 
md  /2- 

Note  that  if  CL  =  KCS  (concentration  of  iodine  in  the 
iquid  and  solid  phases),  the  molecular  weight  of  the  iodine 
must  be  the  same  in  each  phase.  (See  p.  160.) 

It  is  also  necessary  to  show  that  if  AT'm  is  the  lowering  of 
the  freezing  point  which  would  be  observed,  if  the  solvent 
separated  as  a  pure  solid  : 


Answer    3*48. 

(See  Introduction,  p.  84.)  Value  of  AT'm  is  taken  as 
5-4. 

In  the  above  equation  n  and  ns  are  the  number  of  mols. 
in  1,000  grams  of  the  liquid  and  solid. 
Bruni  ('*  Uber  Feste  Losungen,"  Ahrens  Sammlung  VI.). 

27.  A  correction  may  be  made  for  the  volatility  of  the 
aolute  by  means  of  equation  (11),  p.  84. 

Two  liquids  A  and  B,  mixed  in  the  molecular  proportion 
bo  be  found,  boiled  at  300°  C.,  and  the  solute  was  found  by 
analysis  to  constitute  TJ^  of  the  volume  of  the  vapour.  If 
the  boiling  point  of  pure  A  is  299°  and  QM  for  A  =  1,200, 

find  the  ratio  (  TV  ) 

Answer     0*0167. 

If  the  solute  were  not  volatile,  what  molecular  concentra- 
tion would  be  required  for  the  same  elevation  of  the  boiling 
point  ? 

Answer     0'0067. 

H2 
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28.  Two  grams  of  a  substance  of  unknown  molecular 
weight  raises  the  boiling  point  of  100  grams  of  ethyl  ether 
(ATm  =  21'2)  by  0*2°,  and  the  same  quantity  in  100  grams 
of  aniline  (ATm  =  32'2)  raises  the  boiling  point  by  0'1°. 
Find  the  composition  by  weight  of  a  small  quantity  of 
liquid  distilled  from  a  large  quantity  of  boiling  aniline 
solution. 

The  substance  is  supposed  to  be  non-volatile  at  the  boiling 
point  of  ether. 

Answer  1*3  grams  in  100  grams  of  aniline. 
First  find  m  from  the  ether  data,  then  calculate  normal 
AT'  for  this  quantity  of  solute  dissolved  in  aniline,  and  if 
AT  is  the  actual  elevation  observed : 

AT'  =  ATm  nL     AT  =  ATm  (nL  -  nv). 

Phase  Rule. 

The  concentration,  temperature,  and  pressure,  tempera- 
ture relations  of  the  system  phenol  and  water  have  been 
fairly  completely  investigated.  The  literature  bearing  on 
the  subject  includes : 

Alexejew  (Wied.  Ann.  (1886),  28,  306). 

Rothmund        (Zeitsch.  physikal   Chem.  (1898),  26,  433). 

Jones  (      „  „  „  (1889),    4,502). 

Eykman  (      „  „  „  (1889),    4,502). 

Schreinemakers(      „  „  „  (1900),  35, 462). 

Meerburg  (      „  „  „  (1902),  40,  673). 

Bancroft  ("  Phase  Rule  "). 

From  the  results  the  following  have  been  selected,  and 
used  in  the  construction  of  the  diagram. 

The  answers  to  the  problems  may  be  obtained  by  measure- 
ment from  the  diagram,  or,  better,  from  a  plotted  graph  on 
a  larger  scale. 

The  concentrations  are  given  as  grams  of  phenol  in  100 
b-ams  of  the  mixture. 
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Two    liquid    layers   (1)    aqueous,    poor   in    phenol;    (2) 
phenolic,  rich  in  phenol. 


(1) 

(2) 

(1) 

(2) 

* 

Gi 

C2 

t 

Ci 

C2 

20 

8-40 

72-24 

50 

12-08 

62-83 

25 

8*71 

71-38 

55 

13-88 

60-18 

30 

8-92 

69-95 

60 

17'10 

56-10 

85 

9'34 

68-28 

65 

22-26 

49-34 

40 

9-78 

66-81 

68-8 

35-90 

35-90 

45 

10*62 

65-02 

Solid  Phenol  and  Solution. 


t 

+  5-5° 
19-5 
32-0 


C 

83-36 
92-97 
97*18 


Ice  and  Solution  (C  grams  phenol  in  100  c.c.  solution). 


t 

-o-oi 

-  0-619 


C 
1-2 

58-21 


Invariant  point  (ice,  solutions,  vapour). 
About  —  0-9. 

Invariant  point  (phenol,  two  solutions,  vapour). 
About  +  1-5. 

Percentage  of  phenol  in  liquid  (Ci)  and  in  vapour  (<72)  at 
56-3°  (P  =  about  125  mm.). 


2-0 

5-58 

7-42 

10-88 

14-5  and  59'0 


2-55 
5-47 
6-57 

7-42 
7-83 
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29.  A  mixture  of  80  grams  of  phenol  and  70  of  water 
("  a  "  on  diagram)  is  kept  at  30°.  What  are  the  amounts 
and  compositions  of  the  phases  ? 

Answer    6  5  '4  grams  of  aqueous  solution. 
34*6  grams  of  phenolic  solution. 


80 


O    6- 
X     X 


70 


60 


40 


30 


20 


10 


20 


30 


40          50 
Pig.  5. 


60 


70  60  SO 
"  Per  cent  phenol. 
I00-(per  cent  nater) 


Let  x  and  100  -  x  be  the  amounts  of  each  phase. 


Total  phenol  = 


8-9  X 


70  (100  -  x) 


1QQ 


x  =  65-4 


100 
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30.  (1)  What  are  the  nature,  number  and  composition  of 
.e  phases  corresponding  to  the  points  b,  bi  and  b%  on  the 
agram,  so  far  as  they  can  be  known  from  the  above 
ita? 

(2)  Also,  how  will  the  pressure  and  composition  of  the 
ipour,  and  the  composition  of  the  liquids,  be  affected  if 
iccessive  quantities  of  phenol  are  added  to  each  of  the 
)ove  mixtures  ? 

Answer : — 

(1)  b  is  a  homogeneous  solution  containing  80  per  cent. 

of  phenol  (vapour  concentration  unknown), 
bi  is  a  system  composed  of  two  layers  of  liquid  con- 
taining 8' 7  and  71*4  per  cent,  of  phenol  respec- 
tively. The  vapour  contains  7*7  per  cent,  of 
phenol.  The  amounts  of  the  two  liquids,  of 
course,  depend  on  the  amounts  of  vapour,  but 
it  would  usually  be  understood  that  these  were 
small  compared  to  the  amounts  of  liquid  or 
solid. 

b2  denotes  a  homogeneous  solution  containing  5  per 
cent,     of    phenol.      The     (small)    amount    of 
vapour    contains    less  than  7 '7    per  cent,   of 
phenol. 
Answer :  — 

(2)  b   The  added  phenol  dissolves  and  finally  remains 

undissolved. 

bi  The  phenol  dissolves,  with  the  formation  of  more 
phenolic  solution  until  the  aqueous  layer  is 
gone.  During  this  time  the  pressure  and  con- 
centration of  the  vapour  remains  constant. 

ba  Phenol  dissolves  until  the  solution  contains  8*7 
per  cent. ;  then  two  layers  are  formed.  The 
vapour  also  becomes  richer  in  phenol  up  to  7 '7 
per  cent.  Then  more  phenolic  solution  is 
formed,  etc.,  as  in  case  b. 
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31.  How  much  phenol  and  water  must  be  added  to  "  b  " 
to  cause  a  separation  of  a  new  phase  in  each  case  ? 

Answer    506  grams  of  phenol. 
12*1  grams  of  water. 

=  °'967      °'033  x  =  16'7 


32.  Solutions  c  and  d  on  the  diagram  are  cooled  from 
70°.     At  what  temperature  does  another  liquid  layer  appear 
in  each  case  ? 

Answer   (c)  63'5°.         (d)  61*0°. 

33.  A  mixture  of  30  grams  of  phenol  and  70  grams  of 
water  was  distilled  at  56*5°.     What  are  the  amounts  and 
compositions  of  the  two  solutions  at  the  beginning  of  the 
distillation,  and  what  weight  of  the  mixture  must  be  distilled 
before  the  aqueous  layer  vanishes  ? 

Answer     65*16  grams  of  aqueous  liquid  at   the   begin- 

ning. 

56*67  grams   are   distilled    before    the   system 
becomes  bivariant. 

34.  In  this,  as   in    other   cases    characterised    by   the 
formation  of  two  liquid  layers,  the  sum  of  the  concentra- 
tions of  the  phenol  in  the  aqueous  and  phenolic  parts  is  a 
linear  function  of  the  temperature.     This  regularity  will 
recall  the  law  of  the  rectilinear  diameter  which  connects  the 
densities  of   a  liquid  with  those  of   its  saturated  vapour 
(p.  69). 

Draw  the  rectilinear  diameter  in  the  case  of  phenol  and 
water,  and  determine  the  constants  in  the  formula  : 
Ci  +  C*  =  A  +  Bt. 

Answer    A  =  83*62.     B  —  —  0*167. 
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35.  The  same  relation  holds  in  the  case  of  propionitril 
nd  water.  Determine  the  critical  solution  temperature 
rom  the  following  measurements : 


t 

40 

60 

100 


10*7 
12-7 
22-4 


921 

88-5 
75-5 


Answer :  The  liquids  are  completely  miscible  at  tempera- 
tures above  113°. 

Rothmund  (loc.  cit,  on  p.  100). 

36.  The  following  table  gives  the  composition  of  the 
quid  in  equilibrium  with  the  solid  phases  of  a  mixture 
f  para-toluidine  and  phenol  at  different  temperatures. 

J.  C.  Philip  (Journ.  Ghent.  Soc.  (1903),  83,  829). 

Conversely,  of  course  the  temperatures  are  the  initial 
:eezing  points  of  the  liquids  of  stated  composition. 

The  compositions  are  expressed  in  molecules  per  cent,  of 
)luidine  and  may  be  plotted  as  the  abscissae  of  a  concen- 
ration  temperature  diagram,  the  ordinates  being  the  initial 
:eezing  points. 

The  composition  of  the  solid  on  each  continuous  branch 
f  the  curve  is  constant. 

Prove  by  the  phase  rule  that  this  must  be  the  case. 

At  each  discontinuity  (invariant  point)  a  new  solid  phase 
ppears. 


Mol.  per  cent, 
of  para-toluidine. 
O'O 
5-6 
11-5 
15-4 
18-9 
21-4 


Freezing  point. 

40-4 
35'5 
29-0 
23-5 
181 
13-4 
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Mol.  per  cent. 

of  para-toluidine. 

Freezing   point. 

25-3 

9'5 

29-2 

15-3 

32'5 

20-4  and  19'4 

38-0 

25*6    „    24-3 

42-1 

28-0    „    26-5 

46-8 

29-5    „    28-0 

49-8 

30-0    „    28'5 

55-3 

28-8    „    27'5 

59-8 

27-0    „    26-0 

64-1 

24-3    „    23'7 

68-0 

20-6    „    19*7 

70-1 

20-3    „    19-9 

73'3 

23'9 

80-3 

30-5 

87'5 

35'9 

lOO'O 

42-8 

Plot  these  results  on  graph  paper  and  determine  the 
eutectic  temperatures  and  compositions,  and  the  composition 
and  melting  point  of  any  compound  formed. 

Answer :  The  eutectic  temperatures  (invariant  systems) 

are  8°  and  20°. 
The    eutectic    compositions    are    24    and   69 

molecular  per  cent,  toluidine. 

The  compound  contains  equimolecular  proportions  of  the 
two  components  and  melts  at  28'5°  and  30°,  therefore  it 
occurs  in  two  modifications. 

37.  What  are  the  physical  states  of  mixtures  containing 
10,  25,  50,  70  and  90  per  cent,  of  para-toluidine,  and  kept 
at  25°? 

Answer  :  Solid,  liquid,  solid,  liquid  and  solid. 

38.  Denoting  by  a,  b,  c,  d  and  e  the  points  on  the  graph 
described  in  the  last  problem,  find  at  what  temperatures 
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w  phases  will  appear  when  the  liquids  are  cooled  and  the 
lids  heated. 

Answer    a  melts  at    30*5°. 

c       „      „     28-5°  or  30°. 

e       „       „     37-3°. 

b  freezes  at    9*8°. 

d      „        „  20-7°. 

39.  What  is  the  greatest  possible  yield  of  pure  para- 
.uidine  from  100  total  mols.  of  e  ? 

Answer     67'7  mols. 

40.  How  much  para-toluidine  must  be  added  to  100  mols. 
the  mixture  a  to  bring  about  complete  liquefaction  at 

0  and  at  15°  ? 

Answer     5'9  mols. 
13*9      „ 

41.  How  many  condensed  phases  are  present  when  solid 
gins  to  appear  at  8°,  20°,  80°? 

Answer     3,  3,  2. 

42.  Show  how  it  is  in  accordance  with  the  phase  rule 
at  these  three  states  are  all  invariant  (see  p.  87). 

43.  What  is  the  maximum  amount  of  the  pure  compound 
at  can   be  prepared  from   1  total  mol.  (94*1  +  107*1 
ams)  of  mixtures    containing   (a)  45   mols.    per  cent., 
)  55  mols.  per  cent.,  of  para-toluidine? 

Answer     (a)  55-5  grams,  (b)  50  grams,  of  the  compound. 
In  the  first  case  the  temperature  falls  to  8°  before  phenol 
so  begins  to  crystallise.     The  solution  now  contains  the 

5  mols.  of  phenol  with  A       fi      -  =0174  mol.  ofpara- 

luidine,  and  0*45  —  0174  has  crystallised  as  0-276  X  201-2 
•ams  of  compound. 

44-  What  will  be  the  effect  of  adding  at  constant  tempera- 
ire  para-toluidine  to  (a)  solid  phenol  and  solution  ;  (b)  solid 
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compound  and  solution  of  the  same  composition ;  (c)  com- 
pound and  solution  containing  less  para-toluidine  ;  (d)  com- 
pound  and   solution  containing  more   para-toluidine ;    (e) 
eutectic  (solution  and  solid)  at  8°;  (/)  eutectic  at  20°? 
Answer :  (a)  Sufficient  phenol  melts  to  restore  the  com- 
position of  the  solution  ;  (b)  the  whole  melts  ; 
(c)  some  compound  deposits ;  (d)  some  com- 
pound melts  ;  (e)  some  compound  deposits ; 
(/)  the  para-toluidine  remains  undissolved. 
The  amounts  of  compound,  etc.,  depositing  or  melting 
when  the  above  additions  are  made  quantitatively  to  a  given 
solution,  may  be  calculated  as  in  Problem  43. 

45.  The  solid  which  crystallises  on  cooling  may  be,  not  a 
pure  substance,  i.e.,  compound  or  molecular  compound,  but 
a  solid  solution  the  composition  of  which  varies  continuously 
with  that  of  the  liquid.  Thus  in  the  case  of  gold  and 
platinum  (Doerinckel,  Zeitsch.  an  Chem.  (1907),  54,  346)  the 
following  points  were  found  : 

Percentage  Pi         0        10      20     80      40      50     60      100 
Crystallisation 

begins)          1174  1299  1437  1503  1544 1579  1744 
Crystallisation     1 1064° 

ends  1079  1109  1177 1203 1253  1285 

Plot  the  curve  of  initial  freezing  points  (liquidus)  and  of 
end  points  of  crystallisation,  or  melting  points  (solidus), 
against  temperature  (ordinates).  The  horizontal  isotherms 
will  then  give  the  composition  of  the  solid  in  equilibrium 
with  any  liquid. 

A  liquid  mixture  containing  20  per  cent,  of  Pt  is 
cooled  down.  What  will  be  the  composition  of  the  solid 
first  deposited  and  of  that  obtained  when  the  solid  and  liquid 
are  kept  for  long  at  1,200°  ? 

Answer  :  At  the  freezing  point,  1,299°,  the  solid  contains 
58  per  cent,  of  Pt.  The  solid  existing  at 
1,200°  contains  40  per  cent,  of  Pt. 
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46.  What  will  be  the  melting  point  of  the  alloy  contain- 
.g   70   per  cent,  of  Pt  and   the  composition  of  the  first 
>rtions  of  liquid  ? 

Answer    t  =  1,400°  ;  the  liquid  contains  27  per  cent,  of  Pt. 

47.  Construct  a  pressure-temperature  and  concentration- 
naperature  diagram  for  the  system  Na^SO^  water. 

The  concentrations  are  given  in  grams  of  anhydrous 
It,  to  100  grams  of  water,  and  the  pressures  in  millimetres 
:  mercury. 

Solubility  of  No^SO*    10-  H20. 
t   =    0         10         15         20         25         30         34 
C  =  5-0       9*0       13-2      19-4     28'0     40'0      55'0 

Solubility  of  Na2SOt. 

=    35       40         50         60         70        80         90         100 
=  49-4    48-2     46-8     45'5      44'5      43'7     42'9       42'7 


Solubility  of  NatfOt  7  H*0. 
t  =  0  10  20  26 
C  =  19*6  30-5  44-7  55*0 

Solubility  of  Na^SO^. 

=    18       20         25         30        35         40         50        60 

=  53*3   52*8      51-5     50'4      49'4  48'2      46'8     45'5 

70        80         90  100 

44-5     43-7      42-9  42'7 

Vapour  pressures  of  the  systems  : 

(1)  NafiOt  +  NazSOt  .  10  H^O  ;   (2)  Na2SOA  .  10  H*0 
•  solution  ;  (3)  Na^SO^  +  solution. 


t° 

J>(1) 

t° 

P  (1) 

t° 

P  (2) 

P  (3) 

0 

3-8 

20 

13-9 

28-3 

26-20 

24-07 

5 

5-2 

25 

19-0 

30-1 

28-03 

26-60 

10 

7-0 

29 

24-0 

32-6 

30-82 

30-82 

15 

9-7 

, 
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48.  What  is  the  affinity  of  water  (1  mol.)  or  ice  foi 
NaJSOt  in  system  (1)  at  0°  C.  ?     (See  Problem  75,  p.  82/ 
2-8  R  =  4-57. 

Answer    97  cal. 

48a-  Calculate   the   affinity  of    hydration  per  mol.   of 

water  of  system  (2)  by  system  (3)  at  30*1°.     What  happens 

if  these  two  systems  are  placed  in  separate  compartments  of 

an  evacuated  vessel  at  30  -1°? 

Answer  A  =  32  cal.  Water  distils  from  (2)  with  depo- 
sition of  NadSOt  .  10  HzO  into  (3)  with  solu- 
tion of  NazSOt. 

49.  If  these  systems  are  used  as  drying  agents,  and  the 
rates  of  drying  are  proportional  to  the  affinity  of  each  for 
pure  water  (p  =  29*78  at  29°  C.),  what  are  the  relative  rates 
at  29°? 

Answer    (1),  (2),  (3),  as  0-0938,  0  0426,  0-0761. 
49a.  Below  what  relative  humidity  will  Na2SO^  .  10  H20 
begin  to  effloresce,  giving  Na2SO^  at  t  =  25°  (pH20  = 
23-55)? 


Answer    0'80     = 


r    „ 
pH20 

49b.  Above  what  relative  humidity  will  (a)   Na2SO^  . 
10   H20,   (b)   Na2SOv  deliquesce,  i.e.,  form  a  saturated 
solution  at  t  =  28°  (  pH20  =  28'1  mm.)  ? 
Answer    0*93  and  0'85. 

50.  What  are  the  compositions  of   the  three  saturated 
solutions  in   equilibrium  with  Na2SO^  .  10  H20,  Na2SO^ 
.  7  H<£>  and  Na^SO^  at  19°,  and  what  will  be  the  effect 
of  adding  a  small  crystal  of  Na^SO^  .  10  H20  to  each  ? 
Answer    In  100  grams  of  water  there  are  dissolved  : 

(1)  18  ;  (2)  48  ;  (3)  52'5  grams  of  anhydrous  salt. 

So  much  decahydrate  will   be    deposited    in 

cases  (2)  and    (3)  as  is  necessary  for  the 

attainment  of  the  equilibrium  concentration 
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of  the  system  decahydrate  +  solution.  The 
heptahydrate  and  anhydrous  salt  being  more 
soluble,  will  be  converted  into  decahydrate. 

51.  What  are  the  temperatures   corresponding  to  the 
•ansitions : 

(1)  Noa&Ot  10  HzO 

(2)  Noa/SO*    7  H20 

(3)  Noa/SO*  10  H20 >  NazSOi  7 

Answer     (1)  32'4°. 

(2)  24-5°. 

(3)  The  heptahydrate  is  unstable  with  respect  to 

the  decahydrate  over  the  whole  range  of 
solubilities  investigated,  but  the  curves 
would  indicate  a  transition  temperature 
of  about  36°,  if  the  formation  of 
anhydrous  salt  could  be  prevented. 

52.  Verify  the  following  statements  by  means  of  the 
hase  rule. 

A  saturated  solution  of  A  and  B  in  presence  of  the  two 
olid  salts  has  only  one  degree  of  freedom. 

How  many  degrees  of  freedom  has  a  system  of  solid  A, 
I  +  B  solution  and  vapour ;  also  how  many  degrees  of 
reedom  has  the  same  system  with  the  addition  of  (1)  ice  ; 
2)  B  and  ice  to  the  solid  phases  ? 

Answer     2,  1  and  0  degrees  of  freedom. 

53.  The  qualitative  concentration,  temperature,  relations 
nay  be  seen  at  a  glance  from  the  diagram  on  p.  112,  which 
epresents  the  solubilities  of  Nad  and  KCl  in  presence  of 
>ne  another. 

Show  that  the  effect  of  evaporating  any  given  unsaturated 
lolution,  denoted  by  a  point  P,  is  to  change  the  concentra- 
iions  upwards  along  the  line  joining  P  and  the  origin  0. 
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54.  Which  salts  will  be  first  deposited : 

(1)  On  the  evaporation  of  unsaturated  solutions  of  com- 
position P  at  0°,  50°  and  100°  ? 

(2)  On  crystallisation  at  50°  of  the  supersaturated  solu- 
tions P  and  P2,  and  on  the  evaporation  of  Pg  at  100°  ? 

Answer     (1)  Kd,  Kd  +  Nad,  Nad. 
(2)  Nad,  Kd,  Nad  +  Kd. 


40 


30 


10 
HaCl 

grams 
in  100 
grams 
water 


10  20  30 

KCI   grains  in/00  grains  w&ter 


0' 


100* 


40 


Fig.  6. 

55.  The  following  are  the  compositions  of  saturated 
solutions  in  equilibrium  with  the  solid  phases  at  the  head 
of  the  columns. 

SOLID  PHASE. 


t 

Nad 

KCI 

Nad  +  Kd 

0° 

35-6 

28-6 

30             10 

50° 

36-7 

42-9 

27-5         22 

100° 

39-1 

56-6 

25-5          36 

The  concentrations  are  expressed  in  grams  of  salt  to  100 
grams  of  water. 
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Assuming  the  isothermals  to  be  straight  between  these 
)erimental  points,  as  in  the  diagram,  find  the  nature  and 
Lounts  of  the  salts  deposited  after  each  of  the  following 
jcessive  operations,  on  1,000  grams  of  water  originally 
iurated  with  both  salts  at  100°. 

(1)  The  solution  cooled  to  0°. 

(2)  The  solution  heated  to  100°  again,  and  evaporated 
til  KCl  begins  to  come  down,  then  decanted  hot. 

(3)  The  decanted  solution  cooled  to  0°. 

Answer     (1)  232'5  grams  of  KCl  deposited. 
(2)  164-7      „       „  NaCl 
(8)     82-3      „       „  KCl 

56.  A  saturated  solution  of  NaCl  and  KCl  at  100°,  con- 
ning 500  grams  of  water,  is  cooled  to  50°.     How  much 
!t  separates  ? 

Answer     62'5  grams  of  KCl. 

57.  An  unsaturated  solution,  containing  24*3  grams  each 
NaCl  and  KCl,  is  evaporated  (1)  at  50° ;  (2)  at  100°. 
hat  weight  of  each  pure  salt  is  precipitated  before  both 
gin  to  fall  out  ? 

Answer    (1)  4'9  grams  of  KCL 
(2)  71  grams  of  NaCl. 
irnallite. 

The  relations  between  the  concentration,  temperature 
d  nature  of  the  solid  phases  for  a  pair  of  salts  which  are 
pable  of  forming  hydrates  and  a  double  salt  are  best 
amplified  in  the  case  of  the  naturally  occurring  carnallite 
?£,  MgClz  6  HaO  (Stassfurt  deposit).  The  commercial 
llisation  of  this  salt  chiefly  depends  upon  the  separation 
the  more  valuable  KCl  from  MgCl%. 
The  diagram  numbers  are  taken  from  an  original  paper 
Van't  Hoff  and  Meyerhoffer  (Zeitsch.  physikal  Chem. 
399),  30,  64). 

The   concentrations   of   MgClz   and   KClt  expressed   as 
D!S.  of  salt  to  1,000  mols.  of  water,  and  in  equilibrium  with 

P.O.  I 
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the  various  solid  phases,  at  the  temperatures  given  by  the 
abscissae,  appear  as  lines. 

The  invariant  points  are  lettered  as  in  the  accompanying 
table,  and  corresponding  points  on  the  MgCl^  and  the 
KCl  parts  of  the  diagram  are  marked  by  the  same  letter. 

In  order  to  solve  the  problems,  the  whole  may 
advantageously  be  plotted  on  squared  paper.  A  suitable 
scale  is  1  millimetre  =  1°,  and  1  millimetre  =  1  mol.  of 
salt. 

It  must  not  be  forgotten  that  the  problems  refer  to 
equilibrium  conditions,  and  that  in  practice  the  phenomena 
of  supersaturation,  suspended  transformation,  etc., 'may; 
sometimes  completely  alter  the  nature  of  the  results. 

COMPOSITION   OF  SOLUTION. 


Letter 

t° 

Solid  Phases. 

Mols.MgCk 

Mols.  KCl 

C 

-11-1 

ice  +  KCl 

— 

59'4 

B 

-83-6 

ice+12  (MgClzlQHzO) 

49-2 

— 

D 

-34-3 

ice  +  KCl  +  12 

43 

3 

E 

—21-0 

C(  carnallite  KCl  Mg  Cl% 

6  #20)  +  12  +  KCl 

66'1 

4-9 

E1 

0 

C  +  KCl 

671 

7'3 

E% 

25 

»          >> 

72-7 

11-5 

Es 

61°-5 

» 

80-6 

17-4 

EI 

154°-5 

» 

124 

34 

M 

167°'5 

?> 

166-7 

41-7 

F 

-16-6 

12  +  C 

84-0 

small 

G 

-16-9 

12  +  8  +  C 

87-5 

small 

H 

—  3*4 

8  +  6  +  C 

99 

small 

Hi 

25° 

6  +  C 

105 

2 

J 

115°'7 

6  +  4  +  C 

162 

4 

K 

152°'5 

4  +  KCl  +  C 

200 

24 

L 

176° 

4  +  2  +  KCl 

240 

41 

N 

186° 

2  +KCI 

240 

63 

58.  A  saturated  solution  at  25°,  containing  1,000  mols. 
of  water,  and  5  mols.  each  of  solid  6  and  carnallite,  is 
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sated  with  solid  KCl,   until   the   latter  just   ceases  to 
ssolve. 

What  is  the  final  composition  of  the  solution,  and  the 
light  of  the  solid  carnallite  formed  ? 
Answer      The    solution   contains  47*8  mols.  of   MgCl2, 
7'55  mols.  of  KCl  and  656*8  mols.  of  H20. 


Fig.  ?. 


The  total  carnallite  present  at  the  end  =  67'2  mols. 
At  the   beginning,   the  solution  contains  105  mols.  of 
gCk,  2  mols.  of  KCl,  and  1,000  mols.  of  H%0  in  presence 
the  solids. 

The  addition  of  KCl  first  converts  6  into  C,  without 
iering  the  composition  of  the  solution.  When  6  is  all 
nverted,  the  KCl  concentration  increases  and  that  of  the 

I  2 
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MgCl*  decreases  (by  precipitation  as  0),  until  E%  is 
reached,  the  solution  now  being  saturated  with  respect 
to  KCl. 

From  the  composition  of  this  solution,  combined  with 
the  fact  that  each  mol.  of  C  requires  for  its  formation  6  mols. 
of  water,  there  is  obtained  the  following  equation : 

If  x  —  mols.  of  C  precipitated, 

Dissolved  MgCl*          105  —  x  72*7 

Water  in  solution     =  1,000  —  Qx  ~  1,000' 

Whence  x  =  57*2. 

The  solution  must  contain  105  —  57*2  mols.  of  MgCl* 
and  therefore  7*55  mols.  of  KCl,  and  656*8  mols.  of  water. 

59.  Fifty  mols,  of  carnallite  was  treated  with  the  quantity 
of  water,  just  sufficient  to  bring  all  the  MgCl%  into  solution, 
at  60°. 

State  the  quantity  of  water,  and  the  weight  of  pure  KCl 
obtained. 

Answer    325  mols.  of  water. 
38'8  mols.  of  KCl 

60.  A   similar  operation   to  that  described  in  the  last 
problem  was  performed  at  150°. 

Find  the  quantity  of  water  required  to  dissolve  all  the 
MgCl2  present  in  50  mols.  of  carnallite,^ and  compare  the 
percentage  yield  of  pure  KCl  with  that  obtained  at  60°. 

Answer    430  mols.  of  water. 

72*4  per  cent.,  as  against  77*5  per 
cent,  at  60°. 

61.  One  hundred  mols.  of  carnallite  is  melted  in  its  own 
water  of  crystallisation. 

Supposing  it  be  possible  to  centrifuge  the  crystals 
completely  free  from  the  mother  liquor,  how  much  pure 
KCl  will  be  obtained? 

Answer    75  mols. 
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62.  What  are  the  highest  and  lowest  possible  concentra- 
ns  of  MgCk  and  of  KCl  with  which  carnallite  can  exist 
25°? 

(See  Table,  p.  114.) 

63.  One   mol.   of   carnallite   is   mixed   with   1   mol.  of 
iCk  '4  H*0  at  152°'5. 

What  is  the  final  condition  of  the  system,  if  no  water  is 
owed  to  evaporate  ? 

Answer    The  mixture    liquefies,  depositing    076   mols. 
of  KCL 

te  Vaporisation  of  Mixtures. 

64.  If  the  relation  connecting  the  partial  vapour  pressures 
the  liquids  A  and  B  with  the  composition  of  the  mixed 
uid  XA  (A)  +  1  —  XA  (B)  is  known,  the  behaviour  of  the 
uids  on  distillation,  the  composition  of  the  distillate 
m  any  mixture,  as  well  as  the  affinity  of  mixing  and 
nixing  may  easily  be  calculated. 

(See  Introduction,  p.  88.) 

Ihus,  let  the  two  liquids  obey  the  law  : — 

PA  =  PA  XA         PB  =  PB  XB> 

Now,  if  PA  =  0'5  atmosphere,  PB  =  O'l  atmosphere  (at 
D  C.),  and  a  certain  mixture  exerts  a  total  pressure  of 
i  atmosphere,  what  are  the  proportions  of  A  and  B  in  the 
xture,  and  what  is  the  affinity  of  formation  of  100  mols. 
the  mixture  from  the  pure  components  ? 

Answer     50  per  cent,  (molecular  of  each). 

A  =  400  calories. 
3-3  =  xAX  0'^  +  (1  —  XA)  X  O'l         XA  =  0'5 

A=RTx  WOxA  log^  +  RT  X  100  (1  -  XA)  log^- 
PA  PB 

=  2  X  288X50X2-3  (log  ^|  +  log 
=  664  x  0-6021  =  400  calories. 
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65.  A  mixture  of  C6H5Cl  (PA  =  863)  and  C6H5Br.  (PB  = 
453)  at  1360<7  obeys  the  linear  formula,  equation  (2),  p.  88. 

What  is  the  composition  of  the  mixture  which  will  boil 
at  this  temperature,  under  a  pressure  of  760  millimetres, 
and  what  is  the  ratio  of  mols.  chloro-to  mols.  bromo- 
benzene  in  the  vapour  from  mixtures  containing  (1)  1  per 
cent.*  of  CtH6Cl;  (2)  1  per  cent.  *  of  C6H5Br.  ?  In  which 
direction  will  the  composition  of  the  liquid  vary,  on 
isothermal  distillation  of  the  two  mixtures  ? 

Answer     25'01  mols.  per  cent,  of 


-^  =  (1)0-019;  (2)188. 

•  x^-B 

Pure  CfiH5Br  will  be  left  in  each  case. 

^-throughout  =  1-904  X  f.-^-V 
PB  \l-xjL 

(See  Young,  "  Stoichiometry.") 

66.  Benzene  and  ethylene  dichloride  are  another  pair  of 
liquids  which  obey  equation  (2). 

At  a    certain    temperature    P  (C6H6)    =   268'0    mm. 
P  (C2HiCk)  =  236-2  mm. 

What  is  the  composition  of  the  liquid  when  the  partial 
pressures  of  the  two  components  are  equal  ? 

Answer     47  mols.  per  cent,  of  CeHe. 
v.  Zawidski  (Zeitsch.  physikal  Chem.  (1900),  35,  129). 

67.  What  physical  meaning  can  be  attached  to  equa- 
tion   (4),    p.    88,    if     the     exponent    "a"    is    equal    to 
zero  ? 

Answer  Since  (r)v  —  k  the  partial  pressures  are  in- 
dependent of  (r)Lt  and  this  can  only  be  the 
case  if  the  vapour  pressure  of  A  is  un- 
influenced by  that  of  B,  that  is  to  say,  the 
liquids  are  immiscible. 
*  Mols.  per  cent. 
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Similarly,  it  can  be  shown  by  the  phase  rule, 
that  if  the  liquids  are  immiscible,  the  total 
vapour  pressure  of  the  two  is  invariable  at 
one  temperature.  For  /=  2  —  3  +  2  =  1, 
and  t  is  arbitrarily  fixed. 

68.  The  liquids  chlorobenzene  and  water  are  practically 
nmiscible : — 

t  P  (C6H5Cl)  P  (fliO) 

90°        208-35  525-45 

91          215-8  545-8 

Young  ("Fractional  Distillation  "). 
The  boiling  point  at   intermediate   pressures   may  be 
ilculated  by  the  method  of  proportional  parts  from  the 
>tal  pressures  at  90°  and  91°. 

What  is  the  boiling  point  of  the  mixture,  under  a  pressure 
c  740*2  mm.,  and  what  is  the  weight  composition  of  the 
istillate  ? 

Answer    90'23°. 

71  grams  per  cent,  of  C6H5C1. 

Show  how  this  applies  to  the  practice  of  steam  dis- 
llation. 

Find  the  separate  partial  pressures  of  the  components 
^responding  to  the  previously  determined  boiling  point 
nethod  of  proportional  parts),  and  hence  the  molecular 
ercentage  by  the  gas  laws. 

69.  At  a  temperature  of  95°  the  vapour  pressure  of 
ater  is    683'78,   and  that   of  naphthalene  is   15 '5  mm. 
he  two  substances  are  practically  insoluble  in  one  another, 
ind  the  weight  of  naphthalene  in  each  100  c.c.  of  water 
btained  by  distilling  this  mixture  at  95°. 

Answer     17*6  grams  of  naphthalene. 
The  weight  of  each  substance  in  1  litre  of  the  vapour 
lay  be  obtained  by  applying  the  formula  of  Problem  9, 
.  52. 
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70.  If  a  mixture  of  camphor  and  water  boils  at  p  = 
760  mm.  and  t  =  99°,  how  much  of  the  distillate  must  be 
collected  in  order  to  obtain  10  grams  of  camphor  ? 
Answer     26*8  grams. 

Obtain  -j.  for  water  (=  A  p  for  1°)  from  (4),  p.  48,  and  ^ 

in  Problem  83,  p.  74. 

Note  to  Problems  69  and  70.  —  In  calculating  the  weight 
of  water  a  correction  should,  strictly  speaking,  be  introduced 
for  the  extent  to  which  the  density  of  steam  at  these  pres- 
sures deviates  from  the  normal  density. 

70a.  When  the  ratios  (r)L  and  (r)v  are  expressed  in  grams 
for  CeHe  and  CCk,  the  following  relation  holds  good  : 

log  (r)r  =  0-065  +  0'947  log  (r)L. 

Lehfeldt  (Phil  Mag.  (1898)  [5]  46,  42). 

What  is  the  composition  corresponding  to  the  constant 
boiling  mixture  ? 

Answer     94*4  per  cent,  by  weight  of 


71.  The  composition  of  the  distillate  from  the  mixed 
liquids  CQHG  (A)  and  CS2  (B)  can  be  represented  by  : 

log  (r)r  =  0-9  log  (r)L  +  f'48  (in  which  r  =  ^). 

F.  D.  Brown  and  E.  A.  Lehfeldt  (lac.  cit.,  p.  110). 

This  relation  does  not  alter  much  between  48°  and  77°. 

Mixtures  containing  95,  50  and  20  per  cent,  by  weight  of 
benzene  boil  at  76°'2,  55°'7,  and  49°'2,  respectively. 

Find  the  composition  of  the  distillate  from  each,  the 
amount  of  distillate  being  negligible  compared  to  the 
amount  of  boiling  liquid. 

Also  prove  that  there  is  a  mixture  of  maximum  vapour 
pressure,  and  find  its  composition. 

Answer     81*0,  23'2,  8*0  per  cent,  of  CeHe  in  distillate. 
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There  is  a  maximum,  but  it  is  very  close  to  the 

f^  7-7 

CS%  end  of  the  curve,  the  ratio  -^~  in  vapour 

OO2 

and  liquid  being  6  3  X  10  ~6. 

For  relations  between  (r)v  and  (r)L  at  the  maximum 
essure  see  p.  88. 

72.  In  the  case  of  ethyl  alcohol  and  ethyl  ether  at  7*2°, 
e  pressures  of  the  pure  liquids  are  24*37  and  264'7  mm., 
spectively  (Wiillner).      What   is  the  composition  of  the 

ixture    of  minimum   boiling    point    (maximum    vapour 

p 
essure),  if  K  =  -jf  and  a  =  0*5  in  the  formula  (rm)v  = 

n)«L  XlogK? 

Answer     0-84  per  cent,  of  alcohol  (molar). 

73.  The  ratio  of  the  weights  of  02  and  N2  in  the  vapour 
id  liquid  phase,  at  the  boiling  point  of  liquid  air,  under 
irrnal  pressure,  can  be  expressed  by  the  formula : 

log  (r)v  =  log  a  +  b  log  (r)L 
id  a  =  0-2097     b  =  1-06787. 

Baly  (Phil.  Mag.  (1900)  [5]  49,  517). 

What  is  the  composition  of  the  first  portion  of  the  gas 
llected  from  liquid  air  (23  per  cent,  of  0%)  ? 
A  mixture  of  liquid  02  and  JV2  at  90°  absolute  gives  a 
pour    containing  89'8  per  cent,   of   02.     What  is   the 
rcentage  composition  of  the  liquid  ? 

Answer    (1)  5'5  per  cent.  02. 
(2)  97  per  cent.  02. 

74.  For  "ideally  concentrated"   reactions   from   room- 
mperature  downwards  (see  also  Problem  10,  p.  223)   the 
36  energy  is  very  nearly  equal  to  the  total  energy. 

Nernst  (Wied.  Ann.  (1894),  53,  57). 
Test  this  statement  by  calculating  the  affinity  at  15°  of 
e  mixing  of  1  mol.  of  water  (p  =  12*674)  with  a  large 
.antity  of  52'13  per  cent,  aqueous  sulphuric  acid  (pffo 
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from  this  mixture  =  4*215),  and  comparing  it  with  the  heat 
effect  of  the  same  process,  as  calculated  by  Thomsen's 
formula.  Problem  19,  p.  81. 

Answer    A  =  630  cal. 
q  =  695     „ 


75.  What  are  the  values  of  A  and  q  for  the  transference 
of  1  mol.  of  water  from  a  mixture  1  H^SOi  +  9*93  H20 
(mols.)  to  a  mixture  1  H^SO^  +  5*89  H*0  (mols.),  at  0°  C.,the 
pressures  of  water  vapour  being  2*952  and  1*679  mm.  over 
the  respective  acids  ? 

Take  RT  log  =  1,252. 

The  net  heat  effect  of  the  transference  is  evidently  here 
the  difference  between  two  differential  heats  of  solution. 
(See  Problem  22,  p.  32.) 

Answer    A  =  307  '1  calories. 

dQB2       dQB 

q  =  -—2.  —  —  —  =  310*2  calories. 
dxB         dxB 

76.  The  ratios   of  the    pressures   of  water  vapour  in 
equilibrium  with  Bads  '  2^0  (crystalline)  to  the  pressure 
in  equilibrium  with  pure  water,  at  the  same  temperature, 
are  at  18°*5,  0*1905,  and  at  43°*45,  0*3204. 

What  is  the  heat  of  hydration  of  BaCl^  per  mol.  of 
crystal  formed  ? 

Answer     +  7,700  calories. 
(See  equation  (3),  p.  89.) 

Van't  Hoff  (Lectures,  Vol.  I.). 

77.  Calcium  chloride  hexahydrate  can  be  dehydrated  to 
two  different  forms  (a  and  /3)  of  the  tetrahydrate.     The  two 
systems  have  different  vapour  pressures,  i.e.  : 


t° 

0 

10 


p,  system  6  +  4a 
0*092 
0*192 


p,  system  6  +  4/3 
0*076  mm. 
0*162 


Roozeboom  (Zeitsch.  physikal  Chem.  (1889),  4, 43). 
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What  is  the  heat  effect  of  the  transformation  4a >  4/3 

nols.)  ? 

Answer     651  calories  absorbed. 

Equation  (3),  p.  89,  may  be  applied  to  finding  the  heat  of 
•ansference  of  water  from  one  system  to  another  having  a 

ifferent  value  of  log  j~.     Note  that,  in  order  to  convert 

a  into  4/3,  water  is  removed  from  6  +  /3  and  added  to 
+  a.  Hence  QfZ  —  Qa  =  qfi  —  qa  is  absorbed,  or 

a  —  qp  evolved.  By  the  transference  of  1  mol.  of  water 
mol.  of  hydrate  is  transformed. 

78.  The  dissociation  pressure  of  CuSO^H^O  +  CuSOi . 
H20  is  21-726  mm.   at  39°'7  and  2'993  at  14°'0.      The 
apour  pressures  of  water  are  54*06  and  11'87  at  these 
jmperatures.     What  is  the  mean  heat  of  formation  of  the 
enta-  from  the  tetra  -  hydrate  and  water  ? 

Answer     3,225  cal. 

79.  The  difference  between  the   heats   of    solution    of 
KCl  +  CuCk   and    2KCI   '   CuCl*  '  2£T20  is    +   3,063 
alories  for  each  half-molecule  of  the  double  salt.    This  is 
qual  to  the  heat  of  formation  of  the  double  salt  from  the 
nhydrous  salts  and  water,  or  to  the  difference  between  the 
.eats  of  vaporisation  of  water  from  water  and  from   the 
.ydrate.     Hence,  determine  the  dissociation  pressure  of  the 
lydrate  at  92°  and  at  42°  from  the  following : 

t  42°        46°'6          92° 

p  (2KCI  '  CuCk  '  2tf20)  24 

p  (HaO)  62  77-5         566'7 

J.  G.  C.  Vriens  (Zeitsch.  physikal  Chem.  (1891),  7,  194). 
Answer    p'  ~  318'0  mm.  at  92°. 
18  mm.  at  42°. 

Van't  Hoff  (loc.  cit.). 
Solve  equation  (3),  p.  89,  for  p'ti  and  p't* 
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80.  A  salt  hydrate  AB  .  cH20  forms  a  saturated 
solution,  AB  +  x  Hrf}  at  temperature  T. 

QLV  is  the  heat  of  vaporisation  of  pure  water  (1  mol.) ; 
qSLt  the  heat  absorbed  on  the  precipitation  of  1  mol.  of  the 
hydrate  from  the  saturated  solution,  and  p  is  the  vapour 
pressure  of  the  saturated  solution. 

Show  that : 

dlogp       QLV  +  x  —  c 

dt  RT* 

The  following  values  of  x,  qSL  refer  to  a  saturated  solution 
of  CaCk  •  6  H%0. 

The  value  of  QLV  for  pure  water  may  be  derived  from  the 
equation  : 

QLV  =  606-5  -  0-695*°  (per  gram). 

d  log  p 


t 

P 

x 

<!SL 

observed. 

0 

18 

10-37 

—  6,900 

0-055 

10 

82 

9-49 

-  7,175 

0-047 

20 

52 

8-28 

7,575 

0-043 

25 

62 

7-52 

7,900 

0-026 

27 

64 

7-13 

8100 

0-012 

28 

64-5 

6-93 

8,250 

+ 

28-5 

65 

6-81 

8,340 

±  o 

29 

64-5 

6-67 

8,435 

— 

29-5 

64 

6-46 

8,550 

— 

30 

61 

6-00 

-  8,900 

00 

Calculate  the  values  of  Q,  the  total  heat  absorbed  per  mol. 
of  the  hexahydrate  precipitated  (see  below),  at  t  =  0°, 
28-5°  and  30°. 

Plot  the  values  of — — —  for  1  mol.  of  water  against  t,  and 
x  —  c 

compare  the  graph  with  the  corresponding  graph  for  pure 
water. 
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Find  the  value  of  (natural  logs.)  at  *  =  10°,  28 

9°,  29°'5  and  30°. 

Q  (for  1  mol.  of  salt  precipitated) 

=  (x  —  c)  QLV  +  qSL 
Q  (for  1  mol.  of  water  evaporated) 

qsL 


Answer  Q  =  +  40,807  at  0°. 
+  210  at  28°'5. 
—  8,900  at  30°. 

,  0-0094,  -  0'012,  —  0'045,  oo 

Roozeboom  (Zeitsch.  physikal  Chem.  (1889),  4,  31). 

GAS  REACTIONS  (HOMOGENEOUS). 

Let  AI,  A2,  AI,  A%,  etc.,  be  the  different  species  of 
^acting  molecules.  A  dash  indicates  that  the  molecules 
re  on  the  resultant  side  of  the  equation. 

ni  n%,  HI  n2'  are  the  coefficients  of  the  stoichiometrical 
juation  : 

HI  AI  +  ^2  AZ  .  .  .  =  n\  AI   +  n2  Aj  .  .  . 

Let  Ni,  NI,  etc.,  be  the  actual  number  of  molecules  of 
ich  species  present  in  the  equilibrium  quantity  of  reacting 
lixture.  N  =  NI  +  N2  .  .  .  +  NI'  +  AY  .  .  .  =  the  total 
umber  of  molecules  present  at  any  moment. 

wi,  wi,  etc.  =  the  weights  of  each  molecular  species. 

MI,  MI,  etc.  =  the  molecular  weights  of  each  species. 


Let  pi,  pi,  etc.,  be  the  corresponding  partial  pressures. 
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Then  p  =  NRT  =  (Nl  +  Nz  '  '  +  Nl'  +  W  '  °   RT 


V 

'  +  CV  .  .)ET  =  CRT 


(1) 

(2) 


In  these  equations  p,  etc.,  in  the  numerator,  log  p,  etc., 
positive,  refer  to  reactants,  while  p',  etc.,  in  the  denominator, 
log  p',  etc.,  negative,  refer  to  the  resultants  of  the  chemical 
reaction. 

Or,  if  the  summation  (2)  is  made  over  the  whole  of  the 
coefficients  (n',  etc.)  of  the  stoichiometrical  equation, 

log  Kp  =  2n  log  p        log  Ke  =  ^n  log  C        .     (4) 

Kr>    -  toi"1--)*2*  R  .         N^  X  Nn* 

''  "'' 


,  .  x. 

«  -  '  ~  ' 


log  Xjp  =  log  ^c  +  2n  log  B  +  2/i  log  T        .         (8) 

The  maximum  work  which  a  given  reaction  is  capable  of 

affording  is  the  work  which  is  done  by  the  system  when  it 

is  made  to  pass  isothermally  and  reversibly  from  a  given 

initial  to  a  given  final  state. 

This  can  be  proved  by  the  laws  of  thermodynamics,  and 
illustrated  by  a  mechanism  similar  to  that  used  to  calculate 
the  work  of  expansion  of  a  perfect  gas  (see  p.  46), 
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The  reacting  gases,  AI,  Az,  etc.  of  equation  (1)  above,  at 
3  arbitrary  partial  pressures,  Pi,Pz,  etc.,  are  combined  to 
•m  the  resulting  gases  AI',  AJ,  etc.,  at  the  arbitrary 
rtial  pressures  PI',  P2',  etc.,  through  an  equilibrium  box 

which  all  the   gases    are   present    at    the  equilibrium 
rtial  pressures  pi,  p2  .  .  pi't  p*    •  • 
Maximum  Work  =  RT  2  (71  log  P)  -  ET  2  (n  log p)\  ^ 

=  RT2(n\ogP)-RT\ogKp       I 
9  reactants  being  taken  as  positive  in  the  summation. 
This  expression  consists  of  an  arbitrary  term  2>i  ET  log  P, 
d  an  invariable  term  RT  log  Kp. 

It  is  sometimes  convenient  to  fix  our  ideas  by  considering 
e  maximum  work  done  by  the  combination  of  one 
)ichiometrical  set  of  reactants  n\  AI  +  nz  A*  etc.,  each  at 
tit  pressure,  to  produce  one  set  of  resultants  HI  AI  +  ?i2' 
s',  etc.,  each  at  unit  pressure.  In  this  case  the  first 
cm  vanishes,  and  the  maximum  work  is  numerically  equal 
RT  log  Kp. 
The  affinity  of  a  reaction  at  any  temperature  is  defined 

the  maximum  work,  when  one  stoichiometrical  set  of 
actants  at  unit  concentration  is   combined  to  form  one 
uichiometrical  set  of  resultants  at  unit  concentration  and 
nstant  volume. 
Therefore, 

Affinity  =  RT  2  (n  log  C)  -  RT  log  KCt 
,  substituting  2  (n  log  C)  =  2  (n  log  P)  —  2  (n  log  RT) 
id  using  equation  (8),  p.  126, 

Affinity  ==  2n  RT  log  C  -  RT  log  Kc  .  .  (10) 
By  aid  of  the  preceding  conceptions,  the  driving  force  of 
chemical  reaction  can  be  expressed  in  the  same  way  as 
tat  of  a  gas  expansion  or  change  of  state,  such  as  vaporisa- 
m  Consequently,  the  applications  of  the  second  law  of 
lermodynamics,  developed  in  the  preceding  sections,  are 
Bailable  also  for  the  quantitative  treatment  of  chemical 
lergetics, 
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The  change  of  the  equilibrium  constant  with  temperature 
may  be  expressed  by  an  equation,  similar  in  form  to  those 
of  p.  48  : 

d-  (reactantB  +)  =  -  .         .         .     (11) 


Hence  log  Kc  =  —        +  Q  (integration  constant)    (12) 


.        .     (13) 

These  integrations  have  been  carried  out  on  the  assump- 
tion that  q  does  not  vary  much  over  the  temperature 
interval  considered. 

Suppose  that  TI  and  T%  are  widely  different  from  one 
another,  or  that  q  varies  rapidly  with  T  ("  Thermochemistry," 
pp.  18,  20,  21,  equations  (2),  (12),  (lOa)  ), 

S=M' 

Hv  =  a  +  ZVT+a  c'T2 
q  —  q0  =  2naT  +  Znb'T*  +  2/ic'T3 

SnfcT 

.   t/i 


+  Sw  log  E 
(See  equation  (8),  p.  126.) 

The  constant  ((7$  +  2n  log  12)  can,  as  Nernst  has  shown, 
be  replaced  by  2/i  (<?<  +  log  12).  The  separate  <7i  +  log  R 
were  obtained  from  the  characteristic  equations  for  the 
vaporisation  of  each  of  the  pure  substances  present  (com- 
ponents of  the  system),  and  may  be  called  the  chemical 
constants  (Q  for  each  substance  (see  Nernst,  "  Thermo- 
dynamics and  Chemistry,"  pp.  53  —  76). 

A  generalisation  with  regard  to  the  specific  heats  of  gases 
at  low  temperatures  allows  the  equation  to  be  reduced  to  a 

*  Heat  evolved. 
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rm   suitable   for   calculations   (see   "  Thermochemistry," 
•oblem  42,  p.  39). 

iogKP=-+2ni-n  logr 


....     (16) 
Sub'  referring  to  the   alterations   of   the  mean   specific 
ats  with  temperature,  as  above,  may  often  be  omitted. 

GAS  REACTIONS  (HETEROGENEOUS). 

The  separate  phases  of  a  reacting  system  may  be  :  — 

A.  Phases  of  variable  composition,  such  as  mixtures  of 
ses. 

B.  Phases  of  constant  composition,  such  as  pure  solids, 
iich  at  constant   temperature   give   off  vapours   having 
astant  partial  pressures^  and  concentrations  Cs. 

If  there  are  several  phases  of  constant  composition 
ssent,  these  may  be  supposed  to  have  some,  even  if 
nishingly  small,  vapour  pressures  psi,  etc., 

***.-»**'-•'•••>'';.•••..  a, 

Vx      ...jto*  «...-..•. 

K  -  C'ni     •  •  •  C*  "S1      •  •  •  (*) 

•^vT      r  vsl 

Ci         ...   Lsi  .   .  . 

The  factors  with  subscript  S  are  constant,  and  may  be 
[en  into  the  equilibrium  constant,  so  that 

wi  X      wa  n  n*  v  n  n* 

_  Pi          Pz        •  •  •      zfr   _    Ci      X  C2  /Q\ 

'V"'iXy."'--  •'       ^^~c~F*  '  ( 

is  equation  has  the  same  form  as  that  of  a  homogeneous 
lilibrium,  those  molecular  species  alone  being  included 
ich  are  not  in  equilibrium  with  pure  condensed  phases. 
Equations  (11)  and  (13),  p.  128,  may  be  applied  to  these 
istants  K'p  and  Krc. 

P.O.  K 
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Consider  the  dissociation  of  a  solid  molecule  giving  one 
or  more  gaseous  molecules 

Then  constants  K'pt  K'c,  containing  only  pressures  and 
concentrations  of  gaseous  molecules,  may  be  defined  as 
above,  and  from  equation  (5),  p.  126, 


If  the  vapour  pressures  of  the  solids  are  negligible  within 
the  range  of  temperature  investigated,  then  the  total 
number  of  gas  molecules  N  from  1  solid  molecule  does  not 
change  with  t,  and 

log  K\  -  log  K'h  =  2n  (log  P2  -  log  Pi) 


R 

in  which  the  terms  log  P  of  resultant  molecules  are 
positive,  and  Q  is  the  heat  absorbed  by  the  dissociation. 
In  the  same  way  from  the  K'c  values  (equation  (7),  p.  126) 

log  K\  -  log  K\  =  *n  (log  g  -  log  g 


'  R  \T!         T 

The  simplified  Nernst  equation  (16),  p.  129,  has  also  been 
applied  to  heterogeneous  reactions  : 

log  Kp  =  -          +  Zn  1-75  log  T  +  S»C<f 


in  which  q0  is  the  heat  of  the  reaction  carried  out  at  low 
temperatures,  and  2n  refers  to  the  molecules  present  as 
gases.  In  the  case  of  a  dissociation  yielding  a  single 
molecule  of  gas,  e.g.,  <702,  from  carbonates,  etc., 


-  i-75  log  r  - 
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\0  being  the  heat  of  dissociation,  and  C{  the  "chemical 
lonstant  "  of  the  gas, 

or  log  P  =  ^g^y  +  1-75  log  T  +  Cif 
n  which  q0,  the  heat  evolved  in  the  dissociation,  is  negative. 

Note.  —  The  heat  evolved  in  the  total  reaction  is  considered 
is  being  made  up  of  the  algebraic  sum  of  the  following  :  — 
leats  of  vaporisation  of  the  solid  and  liquid  reactants 
nth  the  production  of  saturated  vapours,  heat  of  the 
eaction  between  these  to  form  saturated  vapours  of 
esultants,  and  heats  of  condensation  of  these  to  form  solid 
,nd  liquid  resultants.  All  the  heats  are  for  constant 
rolurne  reactions.  The  variations  of  the  "inner"  latent 
leats  of  vaporisation  of  the  solids  and  liquids  with 
emperature  involve  the  variations  of  the  specific  heats  of 
olids  and  liquids  which  are  introduced  where  necessary 
nto  the  sub-term  of  equation  (16),  p.  129. 

lomogeneous  Equilibrium  in  Gases. 

1.  One  gram  molecule  of  a  gas  is  found  to  occupy  a 
olume  of  40  litres  at  T  =  400°. 

If  the  degree  of  dissociation  according  to  the  equation 
IB  <  >  A  +  B  is  known  to  be  2  per  cent.,  find  the  total 
iressure,  Kp  and  Kc  (pA  'pB  =  Kp'pAB). 

nA  =  0'02  =nB ;  nAB  =  0'98  ;  N  =  1'02  ; 

pv  =  NET  =  1-02  X  '0821  X  400  litre  atmospheres; 

p     =:  0*837  atm. 

_  (0'02)2  P2  1-02  0034  X  '829  . 

"p          (1-02)2        '   P  X  0-98  "  1-0 

n 

Kc  = 


Also  K  = 


Answer      Kp  =.  0'03  3315. 
Kc  =  0'041. 

K2 
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2.  The  degree  of  dissociation  of  1  original  mol.  of 
HI  at  450°  C.  and  1  atmosphere  is  0'2198  (Bodenstein, 
Zeits.  phys.  Chem.  (1897),  22,  1).  Calculate  the  dissociation 
constants  Kp  and  Kc.  Also  show  that  the  degree  of  dissocia- 
tion is  unaffected  by  the  change  of  volume,  and  find  the 
partial  pressure  of  /2  when  the  volume  of  the  equilibrium 
mixture  is  doubled. 

If  a  =  the  fraction  of  1  mol.  dissociated,  it  gives  5  mols. 

a 

of  H2  and  I2,  and  leaves  1  —  a  of  HI. 
4C7802)* 


K»  =  K*>  =  KC=  '01984    Answer        .     (1) 


.       rP         NET         Fj 

for   I—  = 


2X1  |^!  V      '  NiRT 

Vl  =  ZV      N  =  Ni 
.P  =  2Pi.. 
Pi2  =  -0549  atm.     Answer         .         .     (2) 

3.  Find  the  partial  pressures  of  H2,  Z2,  and  HI  in  an 
equilibrium  mixture  derived  from  original  HI  at  445°  C.  and 
at  a  total  pressure  of  76  mm. 

Answer    p  =  8'36  mm.  (Jf2  &  Iz) ;  29*6  mm.  (HI). 

4.  In  an  experiment  of  von  Falckenstein  (Zeits.  phys. 
Chem.  (1909),  68,  277)  a  mixture  of  HI  and  its  dissociation 
products  at  1108°  C.  and  a  total  pressure  of  764'7  mm.  was 
found  to  contain  HZ  at  a  partial  pressure  of  2*9  mm.  (by 
means  of  a  platinum  bulb  originally  evacuated  and  perme- 
able to  HZ  at  this   temperature).      Find  the  percentage 
dissociation  of  1  original  mol.  of  HI  and  the  equilibrium 
pressure  in  atmospheres. 


P 

Percentage  dissociation  ^  0*758     Answer. 
Kp  —  1*46  X  10~5     Answer. 
5.  If  the  constant  Kc  for  the  reaction  : 

2S02  +  0,  =  2S03  at  900°  is  3*16  X  10~4, 
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what  is  the  value  of  the  constant  Kp  at  the  same  tempera- 
ture?   p  is  in  atmospheres,  v  in  litres. 
(See  equation  (8),  p.  126.) 

Answer     3'05  X  10~2. 

6.  Deduce  a  formula  for  the  relation  between  x  =  gram 
molecules  of  HI  formed  from  a  reacting  mixture  of  1  mol. 
}f  HZ  with  "  a  "  of  I2,  and  the  equilibrium  constant  K. 

—  1  —  a  -f  V  a*  +  2a  +  1  +  4a(4K  —  1) 
Answer  2*  =  - 


From  equation  —        ^\      —  =  K, 

Van't   Hoff  ("  Lectures  on    Theoretical    and    Physical 
Chemistry,"  I.,  110). 

7.  20*57  centigram  molecules  of  Jf2  are  mixed  with  5*22 
r2,  and  allowed  to  react  at  a  temperature  at  which  K  =  0*02 

* — rrrT-12      )•    Find  *^e  number  of  centigram  molecules 

>f  HI  formed. 

Answer    10*2 

7a.  If  20-1575  mols.  of  H%  were  mixed  with  101  of  J2and 
he  constant  was  0'0185,  39'6  of  HI  would  be  formed, 
/"erify  this. 

8.  How  many  molecules  of  J2  must  be  added  to  a  reacting 
aixture  (derived  from  1  original  mol.  of  HI)  at  445°,  in 
rder  to  reduce  the  degree  of  dissociation  from  21'98  to  10 
•er  cent.  ? 


«  + 

=  0-0198. 


Answer    72  added  =  0'271  mols. 

9.  Some  H2S  was  kept  in  a  reaction  vessel  at  t  =  1024°  C. 
nd  a  total  pressure  of  761  mm.     Inside  this  vessel  was 
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placed  an  evacuated  platinum  bulb  into  which  hydrogen 
leaked  until  the  pressure  inside  pH2  =  42  mm.  was  equal 
to  the  equilibrium  pressure  of  the  reacting  hydrogen. 

Find  the  percentage  dissociation  lOOa  of  the  H%S,  the 
constant  Kp,  and  the  percentage  dissociation  lOOa1  at  a  total 
pressure  of  410  mm.  if  pH^  is  then  26. 

Answer     lOOa  =  5*7;    Kp  =  0'076  ;  lOOai  =  6'54. 

From  the  equation  2jff2  +  $2  =  2£r2$  find  ps^  &ud.pn^ 
for  pH2  =  42  mm.  and  then  K  p  -  a  =  mols.  of  H%  from  1 

original  mol.  of  HyS,  and  NHy3  (original)  =  NH^  +  Na^s  (at 
equilibrium). 

10.  If  a  is  the  degree  of  dissociation  of  N^O*  at  t°  C.,  and  P 
atmospheres,  and  DI  is  its  relative  density  under  these 
conditions,  deduce  formulae  by  means  of  which  a  and  Kp  may 
be  found  from  DI,  and  D  the  theoretical  density  of  NyOt 
undissociated  (=3*181)  relative  to  air  =  1. 

At  P  =  497-75  millimetres,  and  t°  =  49°'7,  the  density  of 
the  AT204,  NOz  mixture  was  2'  144. 


Find  a  and  Kp. 


D_       1  +  q  4  a  2p  _  4p(D  —  A)2 

' 


Answer    a  =  0'485 

Kp  (atm.)  =  0*800. 

11.  At  what  pressure  (mm.  Hg)  is  the  mixture  50  per 
cent,  dissociated? 

Answer    456  mm. 

12.  By    the  measurements    of    Natanson   (Wiedemann 
Annalen  der  Physik,  24,  465  and  27,  613)  the  degree  of  dis- 
sociation of  N204  at  P  =  59'7  is  0'483  ;  at  P  =  617'6  is 
0-174  (t°  =  21-5°  C.). 

Compare  the  values  of  Kp  at  the  two  pressures,   and 
hence,    find    the    volume    occupied  by  1  original  mol.  of 
at  the  latter  pressure.     Also  the  volume  and  pressure 
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f  the  same  quantity,  when  a  has  been  reduced  to  0*1  by 
ornpression. 

Answer     The  mean  value  of  K  is  0*094. 


V  = 


=  34-92  litres. 


P  =  2'325  atmospheres. 
V  =  11'44  litres. 

13.  When  a  mixture  of  HCl  and  0%  is  passed  over  a 
atalyser,  the  following  reaction  occurs  : 

4HCI  +  02  ;  -  *  2(7/2  +  2fliO. 

If  the  initial  gas  mixture  is  dry,  and  x  mols.  of  HCl  are 
ransformed  at  equilibrium  out  of  every  1  mol.  taken,  prove 
hat: 

Ck  x 

HCl 


Iso  that 


2(1  —  x) 
=  1. 


By  introducing  these  two  relations  into  the  equation  : 

*  * 

X 


.rovethat 


X  p 


m 


X 


2(1  -  . 


14.  A  mixture  containing  initially  49  per  cent,  of  HCl 
,nd  51  per  cent,  of  0%  by  volume  was  caused  to  react  at 
>  =  723  mm.  and  t  =  480°  C.  The  fraction  x  of  HCl 
ransformed  was  0*76. 

What  is  the  value  of  the  equilibrium  constant  Kp  (p  in 
Ptmospheres)  ? 

Answer 

First  calculate  the  partial  pressure  of  the  oxygen  in  the 
,bove  equilibrium  mixture  from  (2),  p.  126. 

The  total  number  of  mols.  of  equilibrium  mixture 
derived  from  pure  HCl  and  02  as  before)  are  expressed  in 


Kp  =  1'9. 
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terms  of  the  mols.  transformed  (x),  and  the  mols.  of  HCl 
and  02  originally  present. 

15.  In  another  experiment  at  the  same  temperature,  and 
p  =  720  mm.,  73  per  cent,  of  an  original  volume  of  HCl 
(34*1  c.c.)  was  transformed  at  equilibrium.     If  Kp  =  2*0, 
find  the  composition  of  the  mixture  H20  &  C12  =  28'45 
per  cent,  by  volume. 

Answer     02  =  21'95,  HCl  =  21'15. 
Haber  ("  Thermodynamics  of  Technical  Gas 
Reactions,"  p.  181). 

16.  A  mixture  of  S0%,  O2  and  iV2  in  the  molecular  pro- 
portions 2*62  :  1  :  3*76  was  passed  through  a  silica  tube 
at  1,001°  absolute  (Bodenstein  und  Pohl,  Zeitsch.  Elektro- 
chem.   (1905),  11,  273).    The  resulting  equilibrium  mixture 
rapidly  cooled  was  found  to  contain  : 

SO*  :  S03  :  02  =  33'9  :  17'5  :  10'9  mols. 
P  =  759  mm.  throughout. 
Find  the  equilibrium  constant  Kc,  and  an  expression  for 

or/}      vy.     -i  r\r\ 

the  percentage  yield  -  -  which  would  be  obtained  if 

ot/3 

N2  were  absent  from  the  mixture  of  O2  and  £02  in  the  above 
ratio.     The  combination  is  effected  at  760  mm. 

Note.  —  The  amount  of  nitrogen  associated  with  the  resul- 
tant mixture  must   be  found  and  included  in   the  total 
number  of  molecules  (N)  (see  equation  (7),  p.  126). 
N*so,  X  ^o2         /p_y  +  i-2 

N*S03        k  \NRT) 

To  find  the  amount  x  of  02  transformed,  if  there  is  no  jY2, 
equate  the  product  2'62  —  2  x  etc.,  to  the  found  value  of  Kc. 
Rc  __  (33'9)2  X   10-9  1  759          273  1 

'2       "  X 


X  X 


(17'5)2  136;05         760        1,001        22*42 

=  3'65  X  10~3    Answer. 
(2-62  -  2#)2  (1  -  ap2      _  1__  273 

3-62  -  x  X  1,001  X  22-42 
=  3-65  X  10  ~  3    Answer. 
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17.  From  the  above  value  of  the  equilibrium  constant  Kc, 
id  the  numerical  value  of  Kp  in  Haber's  notation  (see 
oblem  13,  p.  135). 


•^80%         0% 

(In  what  units  must  R  be  expressed  ?) 

If    x    —    fractional    yield  (   -^ — ,  8  0..     ),  show  that 

V 

1  Kp 


—    .         T.      . — .    Hence    define    the     conditions    for 

T  KP  Vpoz 

iximum  yield  and  calculate  the  maximum  yield,  using 
and  air*  (1)  at  1,001°  and  (2)  at  the  temperature  at  which 
)  =  100  (see  Problem  16,  above). 

Kp  ~    **  3-65  X  10-3  X  0-0821  X  1,001    : 
Answer    Maximum  yield  (1)   =  0*65  and  0'45. 
Maximum  yield  (2)   =  0*99  and  0'974, 

Haber  (loc.  cit.  on  p.  152). 

Note. — This  maximum,  based  on  the  utilisation  of  as 
ich  80%  as  possible,  does  not,  of  course,  represent  the 
bimum  for  technical  practice.  Why  not  ?  It  affords,  how- 
sr,  a  useful  method  of  seeing  which  is  the  most  favourable 
nperature,  etc.,  at  a  glance :  since  the  percentage  yields, 
der  the  limiting  condition  of  pure  oxygen,  may  be  rapidly 
culated,  and  plotted  against  temperatures. 

18.  The  degree  of  dissociation  of  water  vapour  has  been 
jermined  by  Nernst  and  Von  Wartenburg  (Zeits.  physikal 
em.  (1906),  56,  548).  A  mixture  of  steam,  with  some 
drogen  and  oxygen,  was  passed  through  a  heated  porce- 
Q  tube,  and  cooled  rapidly :  the  water  was  measured,  and 
}  residual  HZ  and  O2  analysed  by  explosion. 

*  20*9  volume  per  cent,  of  oxygen. 
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The    dissociation  being  small,  the  denominator  of   the 
equilibrium  constant 


Po 
is  itself  practically  constant. 

18a.  In  one  experiment  at  t  =  1,124°  C.  0'275  c.c.  of  electro- 
lytic gas  and  0'06  c.c.  of  excess  hydrogen  at  20°  and  723 
mm.  were  collected  together  with  2'15  c.c.  of  liquid  water. 
If  a  is  the  dissociation  of  water  vapour  when  no  excess  of 
either  gas  is  present, 

(0-275  X  |  +  0-06)2  (0-275  X  i)  =  J 

and  a  =  0'221  c.c.  of  hydrogen  at  20°  and  723  mm.  and 
0-196  c.c.  at  N.T.P. 

Since  the  theoretical  volume  of  1  gram  of  water  vapour 
at  N.T.P.  is  22,400,  the  percentage  dissociation  is 
18 

0196  X  100 


2-15  X  1,242 


=  0-0073 


19.  In  another  experiment  the  volume  of  electrolytic  gas 
and  02  was  0'6645  c.c.  at  N.T.P.,  resulting  from  the 
dissociation  at  t  =  1,207°  C.  of  1/66  c.c.  of  water.  Calculate 
as  before  the  percentage  dissociation  of  1  original  mol. 
of  water  vapour. 

Answer    0'0213. 

19a.  What  is  the  volume  of  electrolytic  gas  which  would 
be  produced  from  1  kilogram  of  steam  (a)  when  quickly 
cooled  to  N.T.,  (b)  measured  at  t  =  1,207°? 
Answer     400  and  2,170  c.c. 

These  results  may  be  obtained  directly  from  the  data  of  the 
last  problem. 
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0.  In  the  case  of  the  fractional  dissociation  of  H20, 
;v  that  the  equilibrium  constant  Kc 

jP X!3 

RT  (2  +  xi)  (1  -  *i)2 
(equation  (8),  p.  126), 

tre  P  =  pressure  in  atmospheres  and  x\  =  fractional 
ociation  under  these  conditions. 

.t  T  =  1,000°  and  P  =  1  atmosphere,  steam  is  disso- 
ed  to  3*00  X  10~5  per  cent. 

Vhat  is  the  percentage  dissociation  at  lO'OO  ;  0*10 ;  and 
I  atmosphere  ? 
log  100#i  =  3  log  100#  —  1  (for  10  atmospheres). 

Answer  100*  X  105  =  1*39  ;  6'46  ;  13'9 

1.  Show  that  the    equilibrium    constant    KI  of    the 
3tion  :  CO  +  H20  —  CO*  +  H2  is  equal  to : 


Vf: 


a 
I 

(for  values  of  K  see  20,  above), 
ire  K%  refers  to  the  reaction  : 

2  CO  +  02  =  2  <702, 
.  KB  to  the  reaction  : 

2  H2  +  02  =  2  H*0. 

lence,  if  the  fractional  dissociation  x  of  C02  at  T  =  1,300° 
i-Oi  407,  and  of  H*0  is  0'04  266,  find  the  equilibrium  con- 
nt  Ki9  an^  the  quantities  of  gases  resulting  from  a 
[ture  of  1  mol.  each  of  CO  and  H^O,  at  this  temperature, 
pressure  being  1  atmosphere  throughout. 

Answer     KI  =  1'892 
(i^)2  =  1-892. 

X* 

aswer      '42  mols.  of  the  CO  and  H%0  are  transformed. 

52.  Hahn    has   found  the  equilibrium  constant  of  the 
;er  gas  equilibrium  KI  in  last  problem  to  be  1'70  at  1,300°. 


I 
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From  this,  and  the  percentage  dissociation  of  H^O  at  that 
temperature  =  0'00291,  find  the  percentage  dissociation 
of  C02. 

If  #2  is  the  degree  of  dissociation  of  the  C02,  and  x3  that 
of  the  £T20 


=  K,L 


[CO]2X  [02]^M2  X 
[C0a]  '   [1  - 

There  is  a  similar  equation  for  the  dissociation  of  the 
Also  1  —  #2  and  1  —  #3  are  nearly  equal  to  1. 
.-.  vz  =  NRT  =  vBt 


[CO]2 
and  '  * 


Hence,  deduce  the  required  relation  between  #2,  #8,  and 

Hi, 

Answer    100  x  (C0a)  =  G'00414. 

23.  The  following  relation  between  Kp,  heat  of  reaction, 
temperature  and  specific  heats  has  been  calculated  by  Von 
Falckenstein. 

P* 

77"  O 

log  -T-  =  25'010  -  2-42  log  T+  1-43  X  10~4r 

P  H   x 


+  0*683  X  lO-'r2  +  1-896 

0-284  log  r-  0-001  T 


HCl 

—  1-6. 

What  is  the  equilibrium  constant  of  the  Deacon  process 
at  t  =  450°  and  *  =  600°  ? 

Answer     K  =  36'5  and  0'81. 

The  equations  are  added  giving  a  formula  for  the  altera- 
tion of  Deacon  process  K  with  T. 
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3a.  Compare  the  value  of  V  K  at  t  =  480o  with  that 
>n  in  Problem  14,  p.  135. 

Answer     i/~K  =  1'97. 

:  V  K-  —  2,  calculate  according  to  Problem  13,  p.  135 
also  Problem  17,  p.  137),  the  maximum  percentage  100  x 
YCl  transformed,  using  a  large  excess  of  (a)  oxygen, 
lir,  with  20  per  cent,  of  0%. 

Answer     80  per  cent,  and  93  per  cent. 

4.  Show  that  the  numerical  value  of  the  affinity  of  a 
;tion  is  independent  of  the  pressure  units  of  Kp,  and  is 

same  whether  Kp  or  Kc  is  used  ;  and  that  the  units  in 
ch  the  result  is  expressed  depend  simply  on  the  unit  of 
gas  constant  R. 
Introduction,  equations  (9)  and  (10),  p.  127.) 

5.  Given  that   C02  is  0*003  per  cent,  dissociated  at 
)0°  C.,  find   the   maximum  work  obtainable   from   the 
ibination   2   CO  +  0%  =  2  <702  at  this   temperature, 

reactant  and  resultant  non  -equilibrium  mixtures  each 
ing  a  total  pressure  equal  to  1  atmosphere,  the  reactants 
ig  mixed  in  the  stoichiometrical  proportions  (2*3  R  = 


=  80,900  cal.  for  1  mol.  of  C02. 

16.  If  oxygen  is  passed  through  carbon  at  1,000°  the 
ilibrium  mixture  is  finally  found  to  contain  99*3  per 
t.  of  CO,  and  0'7  per  cent,  of  C02.  Find  the  partial 
ssure  of  the  02  present,  from  the  data  of  the  last 
ation,  the  total  pressure  being  1  atmosphere.  The 
ilibrium  constant  1  must  hold  in  the  presence  of  carbon, 
?e  the  same  three  gases  are  present,  and  the  partial 
ssure  of  solid  carbon  may  be  taken  as  constant. 

(Equation  (3),  p.  129.) 
Answer    p0z  =  6  '71  X  10~19 
Weigert,  Kohlenstoff  (Abegg,  "  Handbuch  "). 
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27.  From  the  preceding,  find  the  maximum  work 
obtainable  when  oxygen  at  atmospheric  pressure  and 
1,000°  C.  is  isothermally  combined  with  carbon,  to  form 
C02. 

=  RT  log   —  --  RT  log 


For  the  process  may  be  carried  out  reversibly  by  pressing 
1  mol.  of  02  into  the  equilibrium  box,  and  removing  1  mol, 
of  <702. 

Answer    A  =  93,207  calories. 

28.  From  the  equality  of  A  and  q  at  the  absolute  zero, 
the  heat  of  combustion  : 

C  +  02  =  C02  4-  97,650  calories  at  0°  C. 
and   the    approximate   equality  in  the  heat  capacities  of 
C  -f  02  and  C0%,*  deduce  a  general  formula  for  the  altera- 
tion of  A  with  T  (see  preceding  problem). 

Answer  A  =  97650  -  3'49  T. 

29.  Using  the  data   of  Problem   26   and  the  methods 
of  Problem  27,  calculate  the  maximum  work  involved  in 
the  combination  of  1  mol.  of  oxygen  at  t  =  1,000°  with 
carbon  to  form  2  CO. 

A  =  RT  (-  log^02  +  2  log  jpco). 
Answer     105,700  cal. 

29a.  The  percentage  of  CO  in  the  mixture  of  CO  and  C0a 
which  is  in  equilibrium  with  carbon  at  t  =  800°  was  found 
by  Boudouard  (Ann.  Chim.  Phys.  (1901)  [7]  24,  5)  to  be 


93.      Compare   the  constants  ,      *  or  —  -  -  —  of    the    two 

reactions  ;  x  is  the  amount  of  CO  in  1  mol.  or  volume  of  the 
mixture. 

Answer    K  =  12*36. 

29b.  What  will  be  the  volume  (a)  of  total  gas,  (b)  of 
(70,  formed  from  the  interaction  of  1  cubic  metre  of  6YOj 

*  At  T  =  o. 
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asured  at  27°  C.  and  normal  pressure)  with  carbon  at 
=  1,000°  and  normal  pressure  throughout?  K  = 
567. 

Answer     5  '15   cubic  metres   containing 

3*63  cubic  metres  of  CO. 

'he  volume   at    T  =  1,000°  is  first   found  by  the  gas  . 
s.     The  fraction  x  of   CO  is  given   by  the  equation 

=  --  —  -  -  -       .  100  volumes  of  the  mixture  are 

A 

duced  from  an  original    —  ~  —  \-l-x  volumes  of  C02. 

&9c.  Hence  the  total  volume  increases  in  this  proportion. 
[*he  principle  of  mobile  equilibrium  (p.  49)  when  applied 
the  above  data  shows  that  the  formation  of  CO  from 
2  and  C  must  absorb  heat.  Compare  this  result  with 
heat  effect  at  low  temperatures. 

Answer     <702  +  C  =  2  CO  -39,000  cal. 

JO.  The  affinity  of  the  reaction  : 

2  CO  +  02  =  2  C02 

5  been  calculated  by  Haber  and  Moser,  from  the  results  of 
rnst  and  Von  Wartenburg. 
i  =  134,880  -  1114  T  log  T  +  0'0034  T2  -  11«9  T 


From  this  and  the  preceding  data  (Problem  29,  above), 
.culate  the  affinity  of  oxidations  of  2(7  to  2  CO  by  02,  at 
0°  C.  previously  establishing  a  formula  connecting  A 
th  T. 

2  C  +  2  02  =  2  C02  +  2  A3 

2  CO  +  02  =  2  <702  +  ^! 
2  (7       0   =  2  (70       2  ^ 
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Answer     At  =  60,420  +  1114  T  log  T  —  0'0034  712 

+  4-9  T  +  RT  log  -2L. 

P 

•^co 

A±  at  500°  C.  =  87,080. 

31.  Calculate  the  affinities  of  the  three  reactions  for  17°, 
500°,  1,000°,  1,250°  and   1,500°  C.,    and    plot  the  values 
of  A  against  T. 

See  Weigert  in  Abegg,  "  Handbuch,"  III.,  2,  for  a  full 
discussion  of  these  results. 

At  what  temperature  will  the  affinities  of  the  three 
oxidations  (1  mol.  of  Oa  in  each  case)  be  equal  ? 

Answer     690°  C. 

32.  Show  that  the  maximum  work  A%  of  the  reaction— 

C  +  CO*  =  2  CO  +  A9 

is  equal  to  the  difference  A\  —  A3  of  Problem  30,  above. 
At  what  temperature  is  the  maximum  work  of  conversion 
of  C02  into  2  CO  by  C  equal  to  zero,  and  what  is  the 
equilibrium  composition  of  producer  gas  made  at  this 
temperature  ? 

Answer     t  =  690  by  the  last  problem. 
The  gas  contains  62  per  cent,  of  CO. 

n 

This  result  is  obtained  from  the  value  K  =  ^-^  —  1 

Pcoz 
and  from  the  equation  of  Problem  29b. 

33.  It  is  desired  to  reduce  a  metallic  oxide  at  500°  and 
at  1,000°.     If  we  choose  the  reducing  agents  according  to 
their  affinity  of  oxidation,  which  is  preferable,  other  things 
being  equal:  C  (to  CO)  or  CO  (to  002),  at  500°  and  1,000°? 

Answer     CO  to  C02  at  500°. 
C  to  CO  at  1,000°. 
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4.  The  affinity  of  the  reaction  2H2  +  02  =  2#20  is 

in  by  the  formula  : 

A  =  114,400  -  7'6  T  log  T  +  0-0025T2  -  4'68T 


that  of  the  CO  +  02  reaction,  by  the  formula  in 
)lem  30,  p.  143  ;  find  the  affinity  for  the  CO,  steam, 
tion  : 

2CO  +  2#20  =  2C02  +  2#2 

NQY    A  =  20,480  —  3'54T  log  T  +  0'039r2  —  7'22r 


).  At  what  temperature  can  mixtures  of  equal  volumes 
0,  HjjO,  <702  and  If2  be  mixed  together  without  any 
;ion  ;  in  other  words,  —  what  is  the  temperature 
isponding  to  an  equilibrium  mixture  containing  equal 
mes  of  the  four  gases  ? 

le  required  temperature  is  most  easily  found  by  solving 
equation  for  various  values  of  T,  and  plotting  A 
ist  T.  Answer  T  =  930. 

ia.  From  the  equation  of  Problem  34  check  the  result 
•oblem  21,  p.  139. 

A  =  2-3  ET  log  K;  K  =  (1  ~2^ 


Answer    x  =•  0'44  mols.  transformed. 

.,.,    .  T,     reactants     „       ,, 

1.  The  equilibrium    constant    Kc   -    —  TT-         for    the 

'   resultants 

ion   2S02  +  02  =  2S03  is   1*55   X   10~5  at  801°; 
X  10~5  at  852°,  and  316  X  10~4  at  900°  absolute. 
ad  the  heat  evolved  by  the  reaction  per  mol.  of  80s  by 
is  of  equation  (13),  p.  128. 

Answer     q  =  42,0155  and  45,390  for  2  S03 
Mean  q  for  1  S03  =  21,900 

L 
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What  is  the  heat  of  the  reaction,  if  carried  out  at  constant 
pressure  ? 

Bodenstein  and  Pohl  (loc.  cit.,  Problem  16,  p.  136). 

37.  The  densities  of  N^O^,  NO2  mixture  are  2*65  and 
1-65,  at  26-7°  and  111-3°  respectively. 

What  is  the  heat  of  dissociation  of  1  mol.  of 
constant  volume  (see  Problem  10,  p.  134)  ? 

d  log  Kc  q  reactants       , 

— j7~  ~  =  +  -^i  (if  K  = rr-    -  and  q  =  the  h 

dt  RT2  resultants 

evolved  by  the  dissociation) 

a2!        __1/JL       M 

_.        \_.  —  y-J          I         f-j-)  "       —  fj~y  I 

-  Q-l)Vi          II    \2.  i  J-zJ 

and 


; 


Answer    q  (for  dissociation)  =  —  12,900  cal. 

38.  Compare  the  affinity  (-  RT  log  K,  reactants\  with 

\  resultants/ 

the  heat  effect  of  the  reaction : 

#2  +  J2  =  2J32 

if  the  equilibrium  constant  Kc  above  is  0*02  at  445°,  and 
0-015  at  360°. 

Answer    A  =  +  5,590  cal.  at  445°. 

q  =  +  3,050  cal.  between  360°  and  445°. 

39.  The  reaction  between  iron  oxide  and  steam  was  investi- 
gated by  Deville,  and  later  by  Preuner  (Zeitsch.  physikd 
Chem.  (1904),  47,  385). 

The  mixture  of  iron  and  oxide  was  kept  at  a  high 
temperature  (900°),  and  the  cooler  part  contained  water  at 
a  known  temperature.  The  total  pressure  H%  +  H%0  was 
read  on  a  manometer  as  follows  : 


10-0 

49-3 


24-2 
1211 
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ssuming  the  reaction  to  take  place  according  to  the 

ition  : 

8  Fe  +  4H*0  =  Fea  04  +  4H2 
the  value  of  the  reaction  constant  at  this  temperature, 
hence  the   maximum  percentage  yield  of  Hz,  when 

m  at  atmospheric  pressure  is  passed  over  iron  at  900°. 

Answer    Kp  =  (0'69)4. 

59*2  per  cent,  of  H%. 

(Equation  (3),  p.  129.) 

0.  The  constants  at  900°,  1,025°,  and  1,150°  are  0*69,  0'78, 
0*86  for  the  reaction  : 

FeO  +  H*  =  Fe  +  H*0. 

:  the  pressure  of  water-vapour  was  constantly  10  mm., 
,t  is  the  increase  of  total  pressure  when  the  Fe  +  FeO 
Bated  to  1,125°,  no  Ha  being  present  at  the  beginning? 

wer    11  '6  mm.  of  mercury  (due  to  the  formation  of 
Hi). 

1.  The  constant  of  the  reaction  : 

FeO  +  H2  =  Fe  +  H20 

)*57  at  1,000°  absolute.  At  this  temperature  water- 
mr  is  dissociated  to  3*0  X  10~5  per  cent.  What  is  the 
lity  of  combination  (  —  RT  log  p0^)  between  oxygen  at 
ospheric  pressure  and  iron  at  this  temperature,  and 
t  is  the  dissociation  pressure  of  oxygen  over  the  oxide 
led? 

Answer    46,500  cal.     P0a  =  4  X  10  ~21  atm. 


. 
l  reactants, 

ra  +  £  OQ  =  H20  +  AZ          A    _  -n-^  resultants 


reactants, 
43  =  Al  -  A*  =  RT  {log  (Kp\  +  log  (Kp)*}=  -  log  po*. 

L  2 
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42.  Ammonium  hydrosulphide  is  completely  dissociated 
with  H%S  and  NH3,  when   vaporised  (Van't  Hoff,  Cohen 
(Ewan), "  Studies  in  Chemical  Dynamics,"  p.  156),  (Isambert, 
Compt.  Rend.  1881  and  1882). 

If  the  dissociation  pressure  of  the  solid  is  175  mm.  at 

9*5°,  and  501  mm.  at  25'1°,  what  is  the  molecular  latent 

heat  of  vaporisation  at  constant  pressure  and  at  constant 

volume,  the  temperature  being  17*3°  (Clausius  equation)  ? 

Answer  21,390  and  22,545  calories  absorbed. 

Since  there  are  2  mols.  of  gas  formed  from  each  mol. 
of  NH5S,  the  external  work  of  vaporisation  corresponds  to 
2RT  calories. 

43.  From  the  data  of  Problem  40,  p.  147,  calculate  the 
heat  Q  evolved  by  the  reaction  : 

FeO  +  H2  =  Fe  +  H*0,  at  960°  C. 

Answer  —  2,968  calories. 
Use  the  Clausius  equation 

d  l%f  Kp  (H*0  -  ->  #2)  =  Devolved  (H,0  -  ->  #2). 

How  does  this  compare  with  the  heat  of  reduction  of 
J  FeaOi  calculated  from  the  specific  heat  data  of  Problem  48, 
p.  42  (Thermochem.)  ? 

Answer  —  2,970  as  against  —  2,650  calories. 

If  the  iron  were  really  present  as  FeO,  how  would  this 
affect  the  thermochemical  calculations  in  the  problem 
referred  to  ? 

44.  Show  that  equation  (9),  p.  131,  accounts  for  the  con- 
stancy of  ^  at  the  boiling  point  (Le  Chatelier,  Forcrand) 

in  the  case  of  substances  yielding  the  same  gaseous  product 
of  dissociation. 

From  the  heat  (+  42,520)  of  the  reaction  : 

CaO  +  COZ  =  CaC03 
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late  the  temperature  at  which  the  dissociation  pressure 
z<703  is  equal  to  1  atmosphere,  and  compare  it  with 

emperature  calculated  from  -^  =  33. 

Ci  for  O02  =  3'2. 
Answer     1,098  as  against  1,290°. 

>.  What  will  be  the  partial  pressure  of  C02  in  equi- 
im  with  CaC03,  at  room  temperature,  say  300° 
.ute  ? 

Answer  p  =  3  X  10  ~24  atmosphere. 
36  preceding  problem.) 

i.  In  the  case  of  the  dissociation  of  NH5S  (see 
lem  42,  p.  148)  find  a  formula  for  the  alteration  of  K  with 
ived  from  q,  the  specific  heats  and  chemical  constants 
ar  to  formula  (7),  p.  130,  given  that  q0  =  22,800  per 
of  NHsS  formed,  and  the  chemical  constants  for  NH& 
are  3  and  3'3. 


3wer    log  K  =  -  +  2  x  176  log  T  +  6'SO 


noting  that  log  K  =  log  (jp^8  X  pn#)  =  log    - 


.  there  is  no  excess  either  of  NHs  or  of  HzS,  calculate 
which  P  =  0*661  atmospheres. 

Answer     T  =  312. 

.  If  the  dissociation  temperature    T  of  Na^COs  at 

1  Pcoz  is  1  atmosphere  is   2,800°,  find  the  value  of 

in  Problem  44,  p.  148,  and  hence  calculate  q  per  mol. 

02  evolved,  and  the  temperature  at  which  the  COz 
ure  is  equal  to  its  partial  pressure  in  the  air  =  0*0003 
spheres. 

Answer     T  =  2,000. 
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Having  found  the  value  of  ~  for  a  C0%  dissociation  at 

T  =  2,800,  p  =  1,  obtain  the  value  of  Tx  from  the 
equation — 

1      -1  =       g         2,800  -  T 
g  p  '    4-57127 '          T 

48.  Show  that  in  the  case  of  a  dissociation  yielding  a 
single  mol.  of  gas  with  the  chemical  constant  3*0  (which  is 

about  the  average)  the  quotient  -^  is  29 '7  when  the  boiling 

point  is  100°;  83'6  when  it  is  800°;  35'3  when  it  is  500°; 
and  37'7  when  it  is  1,000°. 

49.  The  boiling  point  of  PbCOB  (i.e.,  PC02  =  I  atmo- 
sphere) is  at  t°  C.  =  302  (Colson).     Find  the  heat  of  com- 
bination for  each  mol.  of  PbCOQ  if  d  =  3. 

Answer  q  —  21,110. 

50.  It  is  known  that  the  dissociation  temperatures  of 
CaCk  ±NHB  and  ZAgCl  3NH3  lie  between  300°  and  350°. 

Using  the  value  of  —  for  a  mean  temperature  of  825  (see 

Problem  48,  above),  calculate  to  a  first  approximation  the 
values  of  T  from  the  heats  of  dissociation  —  10,290  and 
—  11,580  calories,  d  =  3. 

What  will  be  the  ammonia  pressure  over  the  AqCl  com- 
pound at  T  =  300°  ? 

Answer     T  =  304  and  342 

P  =  62  mm. 
_  33-6 +35-8 


51.  From  the  relation  d  log  -—  /  dt,  etc.  (see  p.  89),  the 


heat  of  hydration  of  Na^HPO^  '1  H20  to  Na2HPO^  '10 
per  mol.  of  liquid  water  is  2,244  at  T  =  283'4.     Taking 
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r  per  mol.  of  water  at  this  temperature  as  10,586  (see 
71),  Ci  for  water  as   3*7,  calculate   T  at  which  p  is 
)842  atmospheres,  the  observed  being  T  =  284. 
Answer     T  =  279. 

REACTIONS  IN  SOLUTION. 

ihe  equilibria  between  reacting  molecules  in  a  condensed 
tern  (such  as  an  aqueous  or  non-aqueous  solution)  are 
rerned  by  the  laws  already  stated  for  gas  equilibria. 
^.s  in  the  case  of  gases,  the  regularities  are  most  clearly 
ceable  in  systems  dilute  with  respect  to  the  reacting 
lecules.  For,  just  as  the  simple  gas  laws  cease  to  hold 
high  concentrations,  so  the  laws  of  solution  equilibrium 
>art  more  widely  from  simplicity  as  the  concentration 
reases.  In  the  latter  case  there  is  the  additional  corn- 
nation  due  to  the  rapid  variation  of  the  influence  of  the 
vent,  an  influence  which  must,  of  course,  be  great  in  any 
le,  but  may  be  imagined  more  constant  in  the  case  of 
ate  solutions. 

[n  each  solution  (phase  of  variable  composition)  an 
ailibrium  subsists  between  the  reacting  molecules,  e.g., 
.d,  alcohol,  and  ester,  in  water  :  — 


C,ni  X 


(1) 


If  there  are  two  phases,  e.g.,  ether  and  water,  in  which 
3  equilibrium  subsists,  then  the  concentrations  CA  are 
nnected  with  others  CB  by  distribution  equations  :  — 

CniA  =  KAB  CniB.  See  p.  160,  below. 

1A  IB 

3nce  concentrations  CB  may  be  found  from  CA  and  the 
stribution  constant,  and  KB  is  connected  with  KA  by  the 
uation  — 


AB 
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The  changes  of  volume  in  condensed  reactions  being 
usually  small,  the  distinction  between  those  taking  place 
at  constant  and  at  variable  volume  may  often  be  ignored. 
The  relations  between  K,  t,  and  q  are  expressed  by  equations, 
pp.  127,  128. 

If  one  or  more  of  the  atoms  or  molecules  in  solution  are 
electrically  charged,  their  concentrations  may  be  determined 
by  electrochemical  methods. 

Electrolytic  Dissociation  (Homogeneous). 

Definitions, 

77  =  Concentration  in  equivalents  per  cubic  centimetre. 

C  —  1,000  77.     Concentration  in  equivalents  per  litre. 

K  =  Specific  conductivity.  Current  passing  through  1 
square  centimetre  of  an  electrolyte,  1  centimetre 
in  thickness,  under  the  potential  gradient  of  1 
volt  per  centimetre,  or  current  density  under 
unit  potential  gradient.  If  the  current  density 
is  expressed  in  amperes  per  square  centimetre, 
and  the  potential  gradient  in  volts  per  centi- 
metre, then  the  conductivity  is  in  mhos  per 
centimetre  cube. 

F  —  96,540  coulombs.  Coulombs  required  to  deposit 
1  gram  equivalent  at  each  electrode. 

A  =  Equivalent  conductivity.  Conductance  of  so  much 
solution  as  contains  1  gram  equivalent,  when  in 
the  form  of  a  plate  1  centimetre  thick,  the 
opposite  sides  being  electrodes. 
In  other  words,  the  equivalent  conductivity  is  equal 
to  the  specific  conductivity  divided  by  the  gram 
equivalents  per  cubic  centimetre  (77),  or  multiplied 
by  the  dilution  or  cubic  centimetres  per  gram 
equivalent  (v) 
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A  = 


A  = 


KV  =  —  or,  if  C  =  equivalents  per  litre  and  V 
litres  per  equivalent, 


The  molecular  conductivity  //.  is  defined  as  above,  substi- 

ting  gram  molecules  for  gram  equivalents. 

/i  =  nAnK\  (where  nA,  nK  refer  to  the  valencies  of  the 

don  and  kation). 

The  total  current  A  carried  by  1  gram  equivalent  under 

dt  potential  gradient,  as  above,  is  proportional  to  : 

(1)  The  charge  on  each  gram  ion  =  F  coulombs. 

(2)  The  number  of  electrically  free   gram   equivalents 
2  a  (where  a  is  the  degree  of  dissociation). 

(3)  The  absolute  velocity  of  each  ion  (UA  +  UK). 
Therefore  A  =  96,540  a  (  UA  +  UK)       .        .        .    (1) 

TABLE  OF  KELATIONS  BETWEEN  UNITS. 


Absolute  Velocities 
Apparent  Velocities  . 
Limiting  Conductivity 
^Equivalent  and  Ionic) 
Equivalent  and  Ionic  . 
Conductivity  for  each 

Concentration  . 
Specific  Conductivity  . 

A.t  Concentration  77 
ith  the  litre  as  unit 
of  volume  « z 


Total 

Anion 

Ration 

a(UA+UK] 

Ao 

aUA,  UA 
FUA 

FaUA 

aUK,  UK 
FUK 
LK 
Fa  UK 

A,  aA0 
*lFa(UA+UK) 

aLA,  I  A 

aLA)  1K 

or 

77  A,  arjh.0 

rjlA,  rjaLA 

rfjK)  CaLiK 

<?A              A 

1,000      1,000  F 

issociation  Constants. 

An  equilibrium  must  exist  between  the  electrically  charged 
oducts  of  dissociation  (ions)  and  the  electrically  neutral 
[dissociated  part  of  an  electrolyte  in  aqueous  solution. 
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In  the  case  of  dilute  solutions  of  slightly  dissociate( 
electrolytes,  such  as  the  majority  of  organic  acids  and  bases, 
an  equilibrium  constant  may  be  calculated  which  represents 
accurately  the  relation  between  the  total  concentration  and 
the  degree  of  dissociation. 

Thus,  if  the  total  equivalent*   concentration  is  C,  the 
degree  of   dissociation  a  and  the   volume  of  the  system 

Ff=iY 


(aC)n  =  K  (1  —  a)  C  by  the  law  of  mass  action     .    (2) 
In  the  case  of  a  binary  compound  of  univalent  elements  : 


If  the  degree  of  dissociation  is  small,  as  in  the  case  of 
weak  acids  and  bases  : 

jr>aC=:*/KC      .          .          .     (4) 

The  number  of  effective  molecules  i  from  1  gram  niol. 
of  an  electrolyte  which  dissociates  into  n  ions  is  given  by 
the  equation  : 

i  =  1  +  (71  -  1)  a         .         .         (5) 

If  the  degree  of  dissociation  is  large,  as  in  the  case  of 
strong  acids  and  bases,  a  becomes  nearly  equal  to  1,  and 
t  =  n,  i.e.,  1  gram  mol.  of  an  electrolyte,  such  as  CaClz  in 
very  dilute  solution,  will  behave  osmotically  as  3  mols. 

Mixtures  of  Electrolytes. 

Abegg  (Ahrens  Sammlung  VIII.),  Lunden,  ibid.  XIV. 
Binary  Electrolytes  with  a  Common  Ion,  e.g.  (Hm). 

Let  Fi,  F2  be  the  volumes  of  solution  containing  the  two 
acids. 

*  In  some  cases  molecular. 
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Before  mixing,  for  each  acid  : 
After  mixing : 


_Hj  v^2 
'  F2  X  F2 


A1  Vl  +  F2 

17       I       I/"  IT      J 


.     (6) 


e.,  the  concentrations  of  A  and  fT4  are  altered  in  the  same 
itio  by  mixing.  K  therefore  retains  its  former  value 
ithout  an  alteration  in  the  degree  of  dissociation,  on  the 
Dndition  that : 

Two  electrolytes  can  be  mixed  without  a  change  in  their 
egree  of  dissociation,  if  the  concentration  of  the  common 
)n  is  the  same  in  each.  Isohydric  solutions  are  those 
rhich  have  the  same  [#']. 

Or,  if  a!  is  unchanged  after  mixing  : 


i  — , 


Vl  +  F2, 


a* 
F2 


•  (7) 

•  (8) 


If  the  dissociation  constants  K\  and  -K"2  of  two  acids  are 
nown,  it  is  possible  to  find  the  concentrations  which  can 
e  mixed  without  the  alteration  of  ai  and  a2. 

From  the  preceding,  ai  Ci  =  02  C2  is  the  required  con- 
ition. 


„ 

2~ 


(l-a2)C2 


(9) 


If  Ki  and  KZ  are  small,  1  —  c^  and  1  —  a2  are  to  a  good 
.pproximation  equal  to  1 ; 


^  n    KI      Cz 

=  A2C2,   -^r  =~7r    . 


(10) 


156     PROBLEMS  IN  PHYSICAL  CHEMISTRY 

Suppose  that  the  concentrations  are  such  that  the  degrees 
of  dissociation  fa,  /32,  which  each  acid  would  have  if  it  alone 
occupied  the  volume  of  the  mixture,  are  altered  to  ab  0$  by 
their  mutual  effect  upon  one  another. 

Then  for  acid  (1)  (and  equally  of  course  for  (2)  )  : 


Since  the  concentration    of    the   common  ion  in   the 
mixture  =  ai  C\  +  a^C^. 

Writing  a  similar  equation  for  K%  and  dividing  : 

&  =  ,-S_  X  X-=^  =^-  («  K!  and  K*  are  small) 


Substituting  in 


Conductivity  of  a  Mixture. 

If  the  electrolytes  are  all  fully  dissociated  before  and 
after  mixture,  and  if  Fi,  Fa  are  the  volumes  mixed  : 


*  Fl+F2 

If  the  solutions  are  isohydric  as  above,  then  the  product 
of  conductivity  X  volume  for  the  solution  is  equal  to 
the  corresponding  products  for  the  components.  Then 
Km(Vi  +  Fa)  =  *iFi  +  K2F2  as  before. 

If  the  solutions  are  not  isohydric,  the  value  of  a,  the 
degree  of  dissociation  of  each  component  in  the  mixture 
must  first  be  calculated  from  K  and  C  (equation  (2), 
above). 

Hydrolysis. 

In  a  solution  of  salt  B  A  (supposed  completely  dissociated), 
there  are  the  ions  B\A',H\  OH'. 
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OH  X  B 


\ 

)   or   both  are 


mall,  the  concentration  of  -H"*  or  OH'  (or  both)  in  pure 
rater  may  be  sufficient  to  require  a  considerable  equi- 
ibrium  concentration  of  HA  or  BOH  (or  both).  Let  the 
traction  of  1  mol.  of  salt  so  decomposed  be  h. 

Then  by  the  law  of  mass  action  : 

(hC)*  -  (1  -  h)CKh       Kh  =  hydrolysis  constant. 

Let  aB,  aA,  and  as  be  the  degrees  of  dissociation  of  the 
trong  base,  strong  acid  and  the  salt. 

(1)  For  the  salt  of  weak  acid  : 

HA  =  hC,  since  the  weak  acid  is  practically  all  un- 
issociated. 

[OH'}  =  aBhC, 
nd  [A1]  =  a^l-h)C', 

* 
B  (     ' 

(2)  Similarly  for  the  weak  base  : 

BOH  =  hC      [H  ']  =  aAhC     [B  ']  =  as(l  -  h)C, 

_KWX(1-  h)Cas_  (1  -  h)as 
KB~        (hC)  (aAhC)  aAh*C       K 

(3)  For  a  weak  acid  and  base  : 


._Kw(l-k)Ca8_(l-h)a8K1* 

'    (hC)(aBhC)  aBh*C 


BOH  =  HA  =  hC, 
'  =  A'  =  oXl  -  h)C, 

_[^']  X  [OH']  X 
[HA]  X  [BOH] 


.        .        (16) 

4>  aB>  as  in  moderately  dilute  solutions  are  all  nearly 
n[ual  to  1.  Since  the  acid,  base  and  salt  referred  to  are 
ighly  dissociated, 

*  Kw  =  (#•)  (0.ZT  ).    See  p.  172. 
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(1 


=  ^r  •  -      (17b) 


and 


(l-h)*C*'  ~  KAXKB 

If  the  degrees  of  hydrolysis  are  only  slight,  then  1  -  h 
is  nearly  equal  to  1, 


35  or 

•-B  J-^A 

Show  that  the  degree  of  hydrolysis  of  a  salt  of  weak  acid 
and  base  is  independent  of  dilution. 

Migration  Ratio. 

When  a  current  passes  through  an  electrolyte,  the  fraction 
carried  by  each  ion  (transport  number  or  migration  ratio) 
may  be  called  VA  (anion)  and  VK  (kation). 

»A  UA 


Then 


U 


etc. 


(20) 


The  migration  ratio  of  anion  or  kation  (according  to 
convenience)  may  be  determined  from  the  total  change  of 
concentration  in  the  anode  or  cathode  compartment  of 
the  cell. 

The  sketch  below  shows  the  state  of  a  cell  with  ionic 
migration,  before  and  after  the  passage  of  3  F. 

Each  gram  equivalent  of  anion  (positive)  and  kation 
(negative)  on  the  outside  of  the  electrodes  is  represented  as 
having  been  discharged,  e.g.,  as  solid  or  gas. 


K 


|  original 
\     state 


been  sent 
through. 

*  In  the  central  portions  of  the  solution,  which  are  not  represented  here, 
the  concentrations  are  unchanged. 
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In  the  above  case : 

joss  of  kation  from  A  ___  loss  of  salt  from  A  _.  UK  __  2 
joss  of  anion  from  K  loss  of  salt  from  K  UA  1* 
-,  since  3  faradays  have  passed : 

--  -- 

O  v 

Suppose  that  the  anions  which  have  been  set  free  in  A  have 
rmed  new  salt  from  the  electrode  material  instead  of 
jing  discharged.  In  this  more  usual  case,  it  is  required 
•  find  the  loss  of  salt  due  to  migration.  Without  the 

ithionic  migration,  the  gain  of  concentration  would  have 

2 
jen  3 ;  actually  the  gain  is  1 ;  hence  UK  =  2  and  VK  =- 

j  above. 

Or,  in  other  words,  the  ratio  of  actual  gain  to  maximum 
)ssible  gain  of  anion  is  : 


UA  +  UK 


IONIC  CONDUCTIVITIES  1A,  1K  AT  18°  (KOHLRAUSCH  AND  HOLBOBN). 


Gram 

]quiva- 
nts  per 
tre(tf)- 

K. 

Na. 

Li. 

NH* 

Ag. 

„. 

„. 

«, 

« 

„. 

H. 

65-3 

44-4 

35-5 

64-2 

55-7 

57-3 

54-0 

53-0 

49 

47'5 

318^ 

0001 

64-7 

43-8 

34-9 

63-6 

55-4 

55-0 

51-7 

50-6 

47 

45-1 

316 

0002 

64-4 

43-6 

34-7 

63-4 

55-1 

54-3 

51-0 

50-0 

46 

44-5 

316 

0005 

64-1 

43-3 

34-4 

63-0 

54-9 

53-3 

50*0 

48'9 

45 

43-5 

315 

001 

63-7 

42-9 

34-0 

62-7 

54-7 

52-2 

48-9 

47-8 

43 

42-3 

314 

002 

63-2 

42-4 

33-5 

62-2 

54-2 

50-7 

47-4 

46-4 

42 

40-9 

313 

005 

62-3 

41-4 

32-6 

61-2 

53-2 

48-2 

44-9 

43-9 

40 

38'9 

311 

01 

61-3 

40-5 

31-6 

60-2 

51-9 

45-7 

42-4 

41-4 

37 

35-9 

310 

02 

60-0 

39-2 

30-3 

59-0 

50-0 

42-7 

39-4 

38-3 

34 

32-9 

307 

03 

59-2 

38-3 

29-4 

58-1 

48-6 

40'5 

37-2 

36-1 

32 

30-7 

305 

05 

57-9 

37-0 

28-2 

56-8 

46-6 

37-7 

34-4 

33-4 

29 

27-9 

302 

1 

55-8 

35-6 

26-1 

54-8 

43-3 

33-8 

30-5 

29-4 

25 

24-0 

296 
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Cl. 

I. 

*, 

CW3. 

<M* 

ISO* 

KW* 

** 

OH. 

o- 

65-9 

66-7 

60-8 

56-2 

33-7 

69-7 

63 

_ 

174^ 

o-oooi 

65-3 

66-1 

60-2 

55-5 

33-1 

67-2 

61 

— 

172  A 

0-0002 

65-1 

65-9 

60-0 

55-2 

33-0 

66-6 

60 

— 

172 

0-0005 

64-8 

65-5 

59-6 

54-6 

32-8 

65-4 

59 

— 

171 

o-ooi 

64-4 

65-1 

59-3 

54-1 

32-6 

64-0 

58 

69 

171 

0-002 

63-9 

64-6 

58-8 

53-4 

32-4 

62-3 

56 

66 

170 

0-005 

63-0 

63-7 

57-8 

52-4 

31-6 

59-2 

54 

60 

168 

o-oi 

62-0 

62-7 

56-8 

51-3 

30-8 

56-1 

51 

55 

167 

0-02 

60-7 

61-5 

55-6 

49-7 

29-8 

52-3 

48 

50 

165 

0-03 

59-8 

60-6 

54-7 

48-4 

29-0 

49-7 

46 

47 

163 

0-05 

58-6 

59-3 

53-4 

46-4 

28-0 

46-1 

43 

43 

161 

0-1 

56-5 

57-3 

51-4 

43-2 

26-4 

41-9 

39 

38 
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Reactions  in  Solution  (Heterogeneous). 
Distribution  Ratio. 

If  a  substance  A  is  distributed  between  two  phases,  there 
is  often  a  constant  ratio  between  the  first  or  some  other 
power  of  the  concentrations  in  the  two  phases  (Ci,  C2, 
etc.). 

Thus,  if  the  substance  in  question  is  oxygen  as  gas  and 
dissolved  in  water 

02  (gas)  <      >  02  (dissolved). 

And  the  concentrations  in  the  gas  and  solution  phases 
are  C\  and  C2 

GI  =   XL  C2, 

K  being  the  partition  ratio  or  distribution  coefficient  of 
oxygen  between  the  two  phases. 

If  the  substance,  e.g.,  hydrogen,  has  a  different  molecular 
complexity  (HI  and  w2)  in  the  two  phases,  then,  by  the  laws 
of  chemical  equivalence  : 

n%H       '     _  n\tL     , 

e.g.    1  HZ  : — "*  2  HI  (for  the  equilibrium 
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een  H^  as  gas  and  dissolved  in  certain  metals). 

C1nt  =  KCtn\    ....        (21) 
e.g.    Ci  =  KC£  (in  the  case  mentioned  above) 

ms,  if  a  series  of  concentrations  C\  and  C2  correspond- 
to  one  another  is  known,  then  the  ratio  between  the 
Lcients  w2  and  n\  of  the  chemical  equation  may  be 
•mined  by  finding  a  power  of  C  which  makes  the  ratio 

)ntinually  a  constant. 

le  choice  of  values  for  r  is  limited  by  the  laws  of 
deal  combination  and  by  previous  knowledge.  The 

i  r  is  obviously  equal  to  — ,  since 

HI  c  2i 

VlT=  constant  =  ~^. 
C2 

te  concentrations  <72  and  C\  of  a  dissolved  gas  in 
as  (1)  and  (2)  may  be  for  convenience  expressed  in 
•ent  units.  Thus  the  relation  between  the  pressure  of 
s  and  the  amount  dissolved  in  a  liquid  is  usually 
issed  as  the  " absorption  coefficient"  (Winkler),  the 
orption  "  being  the  volume  of  gas  (reduced  to  N.  T.  P.) 
li  is  dissolved  by  one  volume  of  the  liquid,  a.* 
bat  is  the  relation  between  the  unit  of  "  absorption  " 
litre  of  the  liquid  and  the  unit,  1  gram  molecule 
Itre  ? 

Answer     The  latter  unit  is  22'4  times  the  former, 
the  case  of  many  slightly  soluble  gases  (02,  N2,  e*c.)» 
constancy  of  the  ratio   of  the  pressures   (or  partial 
>ures)  to  the  amounts   dissolved  in  solvents,  such  as 
:    and    alcohol    (Henry's    Law),   indicates    that    the 

the  solubility  is  expressed  as  the  number  of  cubic  centimetres  of  gas 
red  at  the  temperature  of  the  experiment  (s).  then  obviously — 

-  *  _  273  +  * 
~a~      273 
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molecular  complexity  of  the   gases  is  the   same   in  the 
dissolved  as  in  the  free  state. 

On  the  other  hand,  a  high  solubility  at  atmospheric  pres- 
sure usually  indicates  the  formation  of  new  kinds  of  mole- 
cules, complexes,  etc.,  from  the  simplest  dissolved  molecules, 
Examples  of  such  solutions  are  :  HCl  in  water  (ions),  NH^ 
in  water  (NHtOH),  NH3  in  water  +  AgCl  (complex),  SiF{ 
in  water  (H^SiFo). 

Solubility  Product. 

As  in  the  case  of  homogeneous  solution  equilibria,  the 
examples  of  heterogeneous  equilibria  most  successfully 
studied  have  been  those  in  which  the  reacting  molecules 
were  electrolytes.  The  relations  here  met  with  are  well 
represented  by  the  following  conception. 

As  in  the  case  of  isothermal  gas  equilibria,  those  mole- 
cular species  which  are  present  as  pure  solids  and  liquids 
have  a  constant  partial  pressure  in  the  reacting  mixture, 
so,  in  the  case  of  solution  equilibria,  if  a  pure  solid  is 
present  the  concentration  of  its  molecules  may  be  regarded 
as  constant  in  the  solution  kept  at  the  same  temperature.* 

Hence  for  the  solution  equilibrium  of  a  solid  with 
solubility  Cs 

ftnix  C^= 
or  if  the  dissociation  is  electrolytic 


nB  and  nA  being  the  valencies  of  the  atoms,  radicles,  or  ions. 
KCS  is  called  the  solubility  product  L  of  the  substance. 
the  dissociation  is  practically  complete,  then  nAnB  t  *JL  = 
the  solubility  in  equivalents  ;  e.g.,  for  a  binary  dissociation 
the  solubility  =  */L. 

*  NOTE.—  The  constancy  of    the    solubility   product    can    be    deduced 
independently  of  this  assumption. 
f  Valency  product. 
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juations  (11)—  (13),  p.  128,  are  also  applicable  to  hetero- 
ous  solution  equilibria  ;  e.g.,  if  C^  and  Ctl  are  the 
)ilities  of  a  sparingly  soluble  substance  which  dissolves 
mple  molecules,  then  the  heat  q  absorbed  on  solution 
yen  by  — 


PROBLEMS. 

ilibrium  in  Electrolytes. 

The  cell  constant  K  R  is  denned  as  the  resistance  R  of 
ell  when  filled  with  an  electrolyte  of  unit  specific  conduc- 


K.  and  K  R  =  .    Such  an  electrolyte,  placed  in 


tube  of  uniform  cross-section  0*5  (cm.)2,  has  a  resistance 

i  ohms. 

hat  is  the  distance  between  the  electrodes  ? 

R  =  —    I  =  10.    Answer 
a* 

A  solution  of  MgSOi  which  has  a  maximum  conductivity 
D5  at  18'63°  is  placed  in  the  above  cell. 
hat  will  be  the  total  resistance  at  18'63°? 
Answer     R  =  400  ohms. 

The  same  solution,  put  into  a  vessel  of  unknown 
;ant,  was  balanced  by  100  ohms  in  the  other  arm  of  the 
;e. 
hat  is  the  cell  constant  ? 

Answer     5. 

Given  two  cells  of  which  the  constants  are  known  to 

the  order  of  1,000  and  O'l  (e.g.,  by  measurement),  it  is 

red  to  find  the  limits  between  which  K  of  standardising 

rolytes  must  lie,  in  order  that  the  balancing  resistances 

M  2 


164      PEOBLEMS  IN  PHYSICAL  CHEMISTRY 

in  the  other  arms  of  the  bridge  may  be  between  100  and 
1,000  ohms.  K  must  be  not  greater  than  11^)  in  the  first 
case,  or  less  than  y^gg. 

Answer    K  =  1 >  10  and  O'OOl >  0*0001. 

5.  A  cell  filled  with  OWl/N'KCl  at  18°  (K  =  0-001226) 
had  a  resistance  of  408  ohms.     The  same  cell  filled  with 
water  balanced  against  50,000  ohms  gave  a  bridge  reading 
of  71*43  corresponding  to  the  cell  (28*57  to  R  in  box). 

What  is  K.  of  the  water  ? 
First  find  the  cell  constant. 

R  of  cell  filled  with  water  =  £    X   R  box  =  14:1  X  50,000 

0  ^Jo  O 

Answer     K  =  4  X  10  ~6. 

6.  If  the  mobilities  Z/+  and  L~  of  H'  and  OH'  ions  are 
812   and   174  at  18°,  and  the  mobilities  of  other   anions 
and  kations  are  approximately  50,  find   the  proportional 
increase  in  the  conductivity  of  water  brought  about  by  the 
addition  of  acid,  alkali,  and  salt  respectively  at  concentra- 
tions of  xcjo^onu  N.     ^ne  electrolytes  are  assumed  to  be 
completely  dissociated. 

Answer     The  conductivity  is  increased  90*5,  56,  and  25 
times  respectively. 

7.  The    equivalent   conductivity  AO  or   A  is   made  up 
additively  of  the  electrolytic  mobilities  of  the  ions,  either 
real  (LA,  LK)  at  complete  dissociation,  or  effective  (a  LA, 
aLK). 

Find  the  value  of  A0  for  NaNOa  from  the  following : 
Salt:     KCl  Nad  KN03 

AO        1291  1081  125-5 

Answer    104*5 

8.  If    the   apparent    ionic    mobilities   lNa  and  lci  in  a 
normal  solution  of  Nad  are  27*0  and  47*3,  find  the  apparent 
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jities  a  UK  and  a  UA,  and  the  real  velocities  UA  and 
'or  these  ions  (A0  for  Nad  =  109*7)  a  =  £- 

AO 

Answer : 

r^a  =  0*00028  a  Ua  =  0*00049  centimetres  per  second. 
'Na  =  0-00041  Ud  =  0*00072  „  „  „ 

The  velocity  of  the  hydrogen  ion  has  been  directly 
rmined  by  Lodge  (Brit.  Association  Reports  (1886), 
89)  to  be  0*003  centimetres  per  second,  under  unit 
ntial  gradient. 

hat  weight  (in  kilograms)  would  be  required  to  drive 
•am  ion  of  hydrogen  through  acidulated  water,  at  1 
imetre  per  second  ? 

Answer     330  million  kilograms, 
lectric  power  =  watts  =  9*65  X  1011  ergs  per  second. 

9*65  X  1011 
)rce  for  unit-velocity  =  =  Q.003  x  Q81  grams, 

or  3*3  X  108  kgm. 

\.  The  velocity  (a  UK)  of  the  Na  ion  in  normal  NaCl 
00028  centimetres  per  second. 

ind  the  force  required  to  drive  Na'  of  this  concentration, 
ie  rate  of  1  centimetre  per  second. 

Answer  =  3'52  X  109  kilograms. 

.  The  transport  number  of  K  in  KCl  was  found  to  be 
7,  and  A0  =  130*1. 

hat  is  the  absolute  velocity  of  K  *  in  centimetres  per 
ad,  under  unit  potential  gradient  ? 
equivalent  of  the  2  ions  carries  130*1  amperes, 
equivalent  of  K  carries  130*1  X  *497  =  64*67. 
,     .,     __  coulombs  per  second  for  1  gram  ion 

charge  on  gram  ion 
Answer    0*00067  centimetres  per  second. 
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The  value  of  KW  for  0'884/N'  NaCl  =  0*0672 ;  what  is  the 
value  of  A  ? 

Answer     76. 

12.  A  solution  containing  5  per  cent,  of  KCl  (by  weight) 
has  a  density  of  1*0308.      The  molecular  conductivity  is 
99-9. 

What  current  will  be  carried  by  a  cube  of  1  litre  capacity 
filled  with  this  solution,  if  the  two  opposite  sides  are  made 
electrodes,  and  the  potential  fall  is  1  volt  per  centimetre  ? 

100  X  Q'0691       a* 
Conductance  =  ^ =  -y  =0*691  amperes.  Answer, 

13.  The  molecular  conductivity  at  infinite  dilution  of  a 
weak  electrolyte  cannot  be  directly  determined,  since  A  does 
not  approach  a  limit  at  the  greatest  possible  dilutions.    The 
required  A0  may,   however,   often  be  obtained  indirectly, 
from  the  law  of  independent  migration  of  the  ions,  and 
from  the  conductivity  of  the  salt  of  the  weak  base  or 
acid. 

Given :  L(Na)  =  44'4 ;  L(H)  =  818  A^NaA)  =  78-1, 
and  A(HA)  =  41  all  at  C  =  O'OOl,  find  AQ(HA)  and  a(HA)t 
at  the  above  concentration. 

Answer     351*7  and  0*117 
AO  —  LK  =  LA 

14.  The  temperature  coefficient  of  conductivity  is  about 
0*02  per  degree  on  each  unit  of  K.      The  coefficient  (a)  of 
increase  of  conductivity  in  the  formula  given  below  varies 
with  /c,  being : 

0-0188  when  K  is  0*1359,  and 
0-0179  when  K  is  0*2020  (both  at  18°). 

If  K  and  Kt  are  the  conductivities  at  18°,  and  a  tempera- 
ture not  far  removed  from  18°, 

K  1 


1  +  a  (t  —  18) 


(1) 
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larly,  of  course,  for  any  temperatures  ti  and  U  in  the 
hbourhood  of  18°  : 

Jli  =  1  +  «  (*i  -  18)  ,2v 

K£2        1  +  a  (fc  —  18) 

3,  for  a  KCl    solution  *   was  found  to   be  0*1719  at 
5.     What  is  the  value  of  K  at  18°  and  25°  ? 
Answer     0164  at  18°,  0'185  at  25°. 
Irst  find  *18  approximately  from  the  rough  0*02  coeffi- 
fc  (a)  ;  then  obtain  the  more  exact  value  corresponding 
le  KM  so  found,  by  interpolation  of  the  given  values  of 
Then  apply  equation  (1),  above. 

>.  A  at  *01/A7  solution  is  about  100  for  most  common 
i  (n  =  0-OJ). 


ence  17  = 


100 


K  =  O'Qal. 


'ence  also,  if  c  is  the  number  of  milligram  equivalents 
litre  (r?  x  106), 

=  0'041  X  106  =  10  =  K  x  104  in  this  case,  and  as 
salts  are  completely  dissociated  K  varies  directly  as  c. 
K  for  a  natural  water  is  0'032,  and  the  average  molecu- 
weight  of  the  dissolved  salt  is  taken  as  75,  find  the 
eral  solids  in  the  water,  expressed  as  parts  per  100,000 
1  C  in  milligram  equivalents  as  above,  and  change  into 
ns  per  thousand  litres). 

Answer    15  parts  per  100,000. 
Kohlrausch  ("  Leitvermogen  der,Elektrolyte"). 

5.  The  concentrations  of  electrolytes  may  be  expressed 
yram  equivalents  per  kilogram  of  solution  (F),  and  the 
ecular  conductivities  AM  as  conductivities  divided  by 

n   equivalents   per    kilogram   of    solution  -= .      If  this 

Q  of  expression  is  employed,  the  graph  of  A  and  F  is 

rly  linear  for  concentrated  solutions. 

n  other  words  A^  =   a  +  bT,   "a"   and    "  6"  being 
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characteristic  constants  for  each  electrolyte  and  temperature, 
The  condition  of  maximum  conductivity  being  -7=-  =  0, 
show  that  the  concentration  at  which  the  maximum  occurs 

is  —  —  ,  gram  equivalents  per  kilogram. 
A  o 

Also  calculate  this  concentration  in  the  case  of 
from  the  following  experimental  data  : 


2-039  192-0 

3-059  177-6 

4-077  160-1 

5-096  140-7 

6-116  120-7 

7-137  101-5 

8-155  83-4 

9-177  67-2 

10-195  50-8 

a  =  235-5 
b  =  -  18-7 
Concentration  =  6*298  equivalents  per  kilogram. 

Kma*.  (18°)  =  0-7414. 

J.  Gibson  (Trans.  Roy.  Soc.  Edin.  (1905—1907),  45,241). 

17.  The  following  are  the  values  of  A  at  various 
dilutions  for  CH3COOH  and  NlhOH  (A0  =  388  and  258). 
Find  the  corresponding  values  of  a  and  K. 


f  Per  cent,  j 

104  K  (18°) 

10 

3,915 

15 

5,432 

20 

6,527 

25 

7,171 

30 

7,388 

35 

7,243 

40 

6,800 

45 

6,164 

50 

5,405 

Answer    a 

CHsCOOH 


NHtOH 


V 

A 

16 

6-5 

128 

18-1 

1,024 

49-0 

8 

3-4 

22 

6-7 

128 

13-5 
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Answer  for  CH3COOH,  lOOa  =  1-67,  4'68,  12'66. 
NHtOH,  lOOa  =  1-36,  2'65,  5'33. 
K  X  10-5  =  1-78  (CHaCOOH). 

=  2-3  (NHiOH). 

If  K  for  CH3COOH  =  1-78  X  10  -  5, 

id  #  for  CHiClCOOH  =  1-58  X  10  -  3, 

id  the  degree  of   dissociation  of  the  former  acid  at   a 
lution  (F)  of  0-994,  18'1,  3,010  and  15,000  ;  and  for  the 
tter  at  V  =  20'0,  2,060,  and  10,100. 
The  values  lOOa,  found   by  means  of  A   and  AQ  are  : 
10,  1-78,  20-5,  40-8,  and  16*6,  80'6,  94'8  respectively. 
Note.  —  In  the  quadratic  root, 


-  K  +  VK*  +  4KC 

~~ 


iere  K  is  small  K*  and  K  may  be  neglected  in  comparison 


18.  The  molecular  conductivity  of  H^COs  is  1*033  at  a 
lution  of  27'5  litres  to  the  molecule.  The  ionic  mobility 
HCO's  is  40-5,  that  of  H'  =  316  ;  find  the  degree  of  dis- 
ciation,  and  the  first  dissociation  constant  of 

Answer     a  =  0'00289 

K  =  3-04  X  10  ~7 
1-033 


_ 
~ 


356-9 

a2  (2'89)2X10-6 


(1— a)F  27-5 

Walker  and  Cormack  (Journ.  Chem.  Soc.  (1900),  77,  5). 

19.  The  degree  of  dissociation  of  the  strongest  monobasic 
ids  and  monacid  bases  at  O'l/N.  concentration  is  about 
)2. 

What  is  the  average  dissociation  constant  ? 
Answer    K  =  1*05. 
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20.  The  constant  of  benzole  acid  is  7  X  10  ~ 5,  that  of 
salicylic  acid  1  X  10  ~ 3.     Compare  the  degrees  of  dissocia- 
tion a  in  0'005  N.  solutions,  using  the  equation  of  Problem  17, 
p.  168.     Also  find  the  conductivities  of  the  two  solutions  at 
18°,  taking  the  mobilities  of  both  anions  as  33. 

Answer    Benzoic  a  =  0*151,  *  =  0*053  rnhos ; 
Salicylic  a  =  0*358,  K  =  1-28  mho. 

20a.  In  the  case  of  acetic  acid  (K  =  1/8  X  10  ~5)  find 
a  at  C  =  0*1.  Show  that  the  approximate  formula  of 
p.  154  may  be  used,  and  also  that  the  conductivities  and 
hydrion  concentrations  [If-]  of  two  acids  of  this  order  of 
strength  and  concentration  are  approximately  proportional 
to  VK  at  equal  C. 

Answer     a  =  1-34  X  10  ~3. 

K*  is  negligible  compared  to  4  KG,  and  K  to  V4KC.  K 
values  are  mainly  due  to  [If*],  and  this  to  a  and  to  VK  at 
the  same  C. 

21.  In  the  case  of  1  gram  molecule  of  a  salt  dissociating 
into  n  ions,  the  apparent  number  of  molecules  from  one 
formula  molecule,  as  judged  by  the  lowering  of  the  freezing 
point,  increase  of  osmotic  pressure,  etc.,  is  1  +  (n  —  l)a 
=  i  instead  of  1.      Hence,  t  may  be  found  from  the  con- 
ductivity measurements, 

.   ,  A        ,          t  —  1 

Siace  a  =  —  and  a  = 

A0  n  —  I 

Thus,  the  value  of  i  for  KCl  at  C  =  014  is  1-81,  a, 
therefore  =  0*81.    At  18°  A  =  110,  and  A0  =  129-5. 
.-.  a  =  0'85  and  i  =  T85. 

22.  For  CaCk  (C  =  0'184  gram  equivalents  per  litre)  t 
is  2-42.     A0  =  115-2. 

What  is  the  value  of  A  and  104  K  at  this  concentration  ? 

Answer   a  =  81*9. 
K  X  104  =  150-6. 
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23.  The  degree  of  dissociation  of  K^Fe(CN)e  at  a  certain 
icentration  is  0*52.  Find  i  for  this  dilution,  on  the 
mmption  that  the  compound  gives  the  ions  4  K  and 


Answer     i  =  3'07. 
The  value  found  by  the  osmotic  method  was  3*09. 

24.  What    concentration   of    acetic    acid    will    give    a 
drogen  ion  concentration  of  1  X  10  ~3? 

K=  1-8  X  10~5 


iswer    [HA]  =  0*057  N.  (and  the  total    [HA]  is  very 
nearly  equal  to  the  undissociated  [HA]  =  C  —  [H'] 

Noyes  (Journ.  Amer.  Chem.  Soc.  (1910),  32,  7). 

25.  From  the  solubility  of  CO^  in  water  (Problem  64, 
193),  combined  with  the  preceding  data  (p.  169),  find  the 
drogen  ion  concentration  of  water  at  16°,  due  to  <70a 
isolved  from  air,  assuming  all  dissolved  COa  to  be  present 
HzC03. 

Answer    [H']  =  2  X  10  ~  6  by  formula  below. 
[H-]  X  [HC03]  =  [H-]2  =K[H*C03] 
What  is  the  conductivity  of  this  solution  ? 
Answer     71  X  10  ~7. 


a  = 


=  a  An  C  X  10  ~  3. 


26.  The  dissociation  constant  of  NaH^PO^  is  2*0  X  10  ~7 
a  molecular  normal  concentration  of  O'l,  and  the  degree 
primary  dissociation  into  Na'  and  H^PO^  is  0*77 
bbott  and  Bray  (Journ.  Amer.  Chem.  Soc.  (1909),  81, 
0).  What  is  the  hydrogen  ion  concentration  of  such  a 
.ution  ? 
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Here,  again,  as  in  the  preceding  problems  in  the  equation 

>1       \  -*  the  concentration  of  undissociated  H^PO'i  (1  —  a)C 
— 


may  be  put  equal    to   C,  the  total   phosphoric   ion  con- 
centration. 

Answer  [U-]  =  1*24  X  10  ~4. 

27.  By  colorimetric  tests,  a  solution  of  an  indicator  is 
prepared,  which  is  exactly  half-way  between  its  full  acid 
and  alkaline  colours.  This  corresponds  to  an  apparent  50 
per  cent,  dissociation  of  the  indicator  acid.  Find  its 
apparent  dissociation  constant  from  the  E.  M.  F.  of  the 
following  combinations,  the  indicator  half  of  the  cell  being 
in  the  condition  mentioned. 

H^Pt   |    O'QIHCl   |    indicator  +  acid    |    HzPt. 

For  methyl  orange  E  =  0'077  volts. 

For  phenolphthalein  E  =  0*410  volts. 

Answer    K  =  47  X  10  ~4  and  8*4  X  10  ~10. 

(See  Electromotive  Force,  p.  232.) 


=  0-058  log 


(l-a)C 

Salm.  (Zeitsch.  physikal  Chem.  (1907),  57,  492). 
Salessky  (Zeitsch.  Electrochem.  (1904),  10,  204). 

28.  The  conductivity  of  absolutely  pure  water  has  been 
deduced  from  that  of  the  purest  that  can  be  prepared,  by 
subtraction  of  the  conductivity  due  to  unavoidable  traces 
of  dissolved  matter. 

Kohlrausch  and  Heydweiller  (Zeitsch.  physikal  Chem. 

(1894),  14,  326). 

The  value  finally  arrived   at   was  a  =  0*04   X    10" 
reciprocal  ohms  at  18°.     From  this  and  the  values  of  LR' 
and  LOHr,  p.  160,  find  the  concentrations  of  H'  and  OH'  in 
pure  water. 

Answer     [#•]  =  [OH'']  =  0'8  X  10  "I 
For  [H']  =  °>Cmo,  which  is  obtained  from  the  relation 
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A  =  aAo  =• 


l,00(k 
C     ' 


28a.  What  will  be  the  change  of  *  caused  by  saturating 
he  water  with  atmospheric  <702  ?    (Problem  25,  p.  171.) 
Answer     The  conductivity  is  increased  17  times. 

28b.  The  acidity  [H'~\  (orT7T^n)  °*  a  solution  is  often 

ixpressed  as  the  hydrogen  exponent  pH  or  negative  of  the 
og  10  of  the  hydrion  concentration.     Thus  pH  in  pure  water 
tt   23°    is    approximately    7.      Calculate    the    hydrogen 
ixponents  pH.   of   (a)   O'l  HCl  90  per  cent,  dissociated  ; 
b)  O'l  N-  formic  acid  KA  =  2  X   10  -  4;  (c)  O'l  N'  KOH 
>0  per  cent,  dissociated ;  (d)  O'l  N'  nicotine  KB  =  l  X  10  - 5. 
Answer   [#•]  =  (a)0'09;  (6)  1'4  X  lO"3;  (c)ll  X  10~18; 
(d)  1  X   10  -  n. 
j9ff  =  (a)  1-05 ;  (b)  2'35  ;  (c)  12'96  ;  (d)  11. 

28c.  In  Problem  27,  p.  172,  it  is  shown  that  the  values 
•f  pH  at  which  indicators  are  half  transformed  are  identical 

/       TC  \ 
nth  the  negative  logarithms  of  KA  (or  —).*     These  are, 

V     &B) 

Q  round  numbers,    (a)  4,    (b)  5,   and  (c)  9,    in  the  case  of 
a)    methyl   orange,     (b)  methyl    red,     and    (c)    phenol- 
>hthalein  respectively.     Find  how  many  c.c.  of  strong  acid 
or  alkali)  O'Ol  N'  must  be  added  to  100  c.c.  of  pure  water  in 
rder  to  produce  the  transition  colour  in  each  case. 
Answer     (a)  1  c.c.  of  acid;  (b)  O'l  c.c.  of  acid;  (c)  O'l  c.c. 
of  alkali. 

29.  How  much  Na  acetate  +  3  H^O  will  have  to  be 
,dded  to  0*1  N'  acetic  acid  (1  litre)  in  order  that  the 
Lydrogen  ion  concentration  may  be  1  X  10  ~" 4  ?  (assume  the 
faA  to  be  completely  dissociated.) 

NaA  =  0'02  mols.  per  litre. 
Answer     272  grams  of  crystalline  salt. 

*  For  a  fuller  account  of  acidity  and  alkalinity  the  author's  "  Theory 
nd  Use  of  Indicators  "  may  be  consulted. 
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The  concentration  of  the  acetyl  ion  to  be  added  A'  is  first 
calculated  from  the  equilibrium  equation,  [A']  X  [H*]  = 
K[HA]. 

The  degree  of  dissociation  at  the  found  concentration  is 
not  1,  but  0*9.  Substitute  this  again  to  get  the  more  exact 
value  of  [NaA]  as  given  above. 

30.  A  O'l  N.  solution  of  Na2HPOi  is  assumed  to  be 
completely  dissociated  with  respect  to  Na.  The  addition  of 
dilute  HCl  (also  assumed  completely  dissociated)  converts 
HPO"t  quantitatively  into  H^POS,  which  ionises,  the  con- 
stant being  2  X  10  ~7.  Find  what  quantities  of  the  0*1 
solutions  of  the  phosphate  and  HCl  must  be  mixed,  in  order 
that  the  hydrogen  ion  concentration  may  be  1  X  10  "7 
(neutral  point,  pure  water). 

[HtPO't]  [fif*] 


~  2-0  X  10  -  7 
Answer     1  volume  of  HCl. 

2  volumes  of 

31.  Two  salts  (1)  and  (2),  separately  dissolved  in  water 
to  a  given  concentration  (say  1  per  cent,  by  weight),  are 
each  fully  ionised.  A  solution  containing  1  per  cent,  by 
weight  of  a  mixture  of  the  two  is  also  fully  ionised. 

The  conductivities  of  the  separate  salts  are  ^  and  K2, 
and  that  of  the  mixture  containing  xl  per  cent,  of  (1)  and 
1  —  xl  per  cent,  of  (2)  is  *. 

Then  K  =:  X\KI  +  (1  —  x\)  K2  or  x\  =  —  -  . 

— 


A  mixture  of  KI  and  KCl  made  up  to  a  certain  concen- 
tration in  water  had  a  conductivity  of  0*9845.  The  con- 
ductivities of  the  pure  salts  at  the  same  total  concentrations 
were  0*8900  and  1*8653  respectively.  Find  the  percentage 
of  KCl  in  the  mixture. 

Answer     9*69  per  cent,  of  KCL 

32.  If  there  is  a  mixture  of  two  electrolytes  of  concen- 
tration Ci  and  Ca,  with  a  common  ion  and  equal  dissociation 
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nstants  K!  and  K?,  show  that  the  degree  of  dissociation 
ist  be  the  same  for  each,  and  equal  to  that  which  would 
Bvail  if  each  were  separately  present  in  the  concentration 
i  +  Ca)  (Arrhenius). 


K 


-  a2)C2 


1  - 

=  a2  =  a 


1  —  a2        aiCi  -|-  a2(72 
7      i     /7  \ 

=  K. 


1  -a 


33.  It  has  been  found  that  when  violuric  acid  0*01562  N. 
,B  mixed  with  paraoxybenzoic  acid  0'01064  N.  the  degree 

dissociation  of    the  former,  as    judged  by   its  colour, 
is  3*11  per  cent. 

Given  that  Kt  =  0*04272  and  K*  =  0'0<286,  find  the 
acentration  of  each  anion,  (1)  violuric,  (2)  paraoxy- 
nzoic. 

Answer    (1)  0*0501. 
(2)  0*03342. 

rst  verify  the  found  value  of  a  (3*21  per  cent.)  from  the 
eceding  calculation.  Take  the  common  dissociation 
Qstant  as  the  mean  of  those  for  the  two  acids. 

Donnan  (Zeitsch.  physikal  Chem.  (1896),  19,  480). 

34.  It  is  required  to  mix  CHZOH*  COOH  (£,  =  15  X 
>-5)  with   0*1  N.   CHS  COOH  (K,  =  1*8  X  10  ~5),  in 
ch  a  manner  that  there  is  no  change  in  the  hydrogen  ion 
ncentration.     What  concentration    of    glycollic    acid   is 
quirdd  ? 

Answer     C  =  0*012  N. 

(See  equation  (10),  p.  155.) 

34a.  Show  that  the  conductivities  of  two  isohydric  acids 
e  nearly  equal  if  the  mobilities  of  the  anions  are  nearly 
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equal,  and    assuming    this    equality,  calculate   *   for    the 
mixture  of  the  last  problem. 

Answer     *  =  0*47  X  10  ~ 3  mhos. 


From  the  equations  of  p.  153,  -  KI   =      I  LA      for 

1,000 

acid  (1),  and  aid  =  [H'~\  =  a2C2;  and  if  iA0  also  = 
aA0,  then  for  any  mixture  of  the  two  acids  equation  (18), 
p.  156,  becomes  *TO  =  KI  =  K2. 

35.  A  0*001  N.  solution  of  sodium  acetate  has  A  ==  75'2 
at  18°,  LNa  =  44*4 ;  LA.  =  33*7. 

What  concentration  of  acetic  acid  can  be  mixed  with  thii 
without  change  of  a? 

Answer     0*051  A'. 
aNaA  =  0*962,  [A]  =  0-00096  =  aC. 

For  the  acetic  acid  [aC] 2  =  K(l  —  o)C,  1  —  a  =  1  nearly ; 
C  =  0*051,  and  a  is  small  compared  to  1,  therefore  the 
second  approximation  is  not  necessary. 

36.  From  the  equation  (12),  p.  156,  calculate  the  ratio  in 
which  the  dissociations  ft  and  /32  of  CHS  COOH  (Ki  =  1*8  X 
10  ~5)  and  CHtCN'COOH  (K*  -  870  X  10  ~5)  are  thrown 
back  from  the  original  values  c^  and  «2,  when  to  1  litre  of 
normal  acetic  acid  is  added  1  gram  molecule  of  cyanacetic 
acid,  and  vice  versa. 

&  =  Vl  +  205  X  1,  etc. 

Answer.  The  ratios  of  the  degrees  of  dissociation  before 
and  after  mixing  are  : 

for  acetic  acid  14*4  ; 

for  cyanacetic  acid  1*002. 

37.  It  is  required  to  make  1  litre  of  a  mixture  containing 
0*1  mol.  each  of  acetic  and  glycollic  acids,  without  altering 
their  degrees  of  dissociation.     What  volumes  and  concen- 
trations of  each  acid  would  be  taken  ? 
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et  G'i  and  (72  be   the  concentrations  (CHZ  CO  OH  and 
,  OH'COOH),  and  Fiand  F2  the  volumes. 
he  following  conditions  must  be  satisfied  : 

)  £1  =  8-3  ;  (2)  Ci7i  =  C2F2  =  01  ;  (3)  Vl  +  F2  =  I'O. 
G2 

Answer     FI  =  107*5  cubic  centimetres. 


F2  =  892-5  „ 
Ci  =  0-93  „ 
Oa  =  0112  „ 


8.  Acetic  acid  (0'02  N.)  is  mixed  with  an  equal  volume 
panacetic  acid  (0'02  N.).    If  the  separate  conductivities 
)§01  normality  are  0143  and   1*57,  what  is  the  joint 
luctivity  of  the  mixture  ? 

or  the  relation  between  the  degrees  of  dissociation  of 
O'Ol  N.  acids  alone,  and  in  the  presence  of  one  another, 
Problem  36. 

A  (HA  in  mixture)  _  ai 
A  (HA  pure)         =  ft 

so  for  the  other  acid. 

A  (total  mixture)  =  A  (HA)  +  A  (HA^ 

K  (mixture)  =  A  (mixture)  X  total  concentration 

Answer     K  mixture  =  315. 

'ote  that  this  is  nearly  the  same  as  the  conductivity  of 
stronger  acid  at  that  concentration. 

9.  The  conductivity  of  a  solution  of  cyanacetic  acid 
tydric  with  0*01  N.  acetic  is  0-46. 

yhat  is  the  joint  conductivity  of  the  two  acids  in  0*01 
mal  concentration  ? 

Answer     0'3015. 

:0-  Let  a  solution  contain  equivalent  quantities  of  an 
I  and  two  bases  (or  a  base  and  two  acids).  The  dis- 
^ation  constants  of  the  bases  (acids)  being  #1  and  K2, 
•.a  N 
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let  the  share  of  the  bases  (acids)  appropriated  by  eacl 
acid  (base)  be  x  and  1  —  x  respectively.  Then  it  can  b 
shown  that  : 

x 


l-x  ' 

The  dissociation  constant  of  NH^OH  is  2*3  X  10  ~5,  tha 
of  NHz(CHa)OH  is  51'98  X  10~5. 

Find  the  number  of  equivalents  of  HCl  appropriated  by 
each  in  1  litre  of  a  solution  N.  8  in  respect  of  each  base  and 
the  acid. 

Answer     0103  equivalents  combined  with  methylamine. 
0*022  equivalents  combined  with  ammonia. 

41.  A  salt  of  weak  base  and  strong  acid  is  61*8  per  cent. 
hydrolysed  at  C  =  O'Ol  mol.  per  litre,  and  91*6  per  cent. 
at  C  =  O'OOl  mol.  per  litre. 

Kw  =  l  X  10~14. 
What  is  the  hydrolysis  constant  ? 

_  (*916)a  X  0-001 
h  "  0-084 

Answer    1  X  10~2. 

42.  The  degree  of  hydrolysis  of  normal  NH4Cl  is  known 
to  be  negligible  compared  to  1.     If  K,  for  NH±OH  is  2*3  X 
10  -  5  at  25°  and  Kw  is  1  X  10  -  14,  what  is  the  hydrogen 
ion  concentration  in  a   normal   solution  of  NH^Cl?    Its 
dissociation  can   be   neglected,  and  we  put  ftc  =  [7?*]  = 
[NHtOH]  as  before. 

Answer     [H'}  =  2  X  10~5. 

43.  Walker  found  that  K(HCN)  =  1-8  X  10  -  9. 

Kw  =  T2  X  10-14 
Hence  calculate  the  hydrolysis  constant  Kh  of  KCN. 

Answer     0*9  X  10  ~5. 

Shields,    by    another    method,    found    the    percentage 
hydrolysis  of  KCN  to  be  :  0*31  at  C  =  0'947,  and  2*34  at 
C  =  0*024.     Find  the  corresponding  values  of  Kh. 
Answer    0*9  or  1*3  X  10  ~5. 
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L.  Taking  Kh  as  11  X  10  ~  5,  the  degree  of  hydrolysis  at 
concentration   may  be   found    from  the   approximate 


ula  : 


c 


3e,  find   the  concentration  of  OH'  ions  in  a  0*2  N. 
ion  of  KCN. 

Answer     T5  X  10  ~3. 
Shields  (Zeitsch.  physikal  Chem.  (1893),  12,  167). 

i.  A  normal  solution  of  HCl,  mixed  with  varying 
tities  of  urea,  inverted  solutions  of  cane  sugar,  with 
ing  velocities.  If  the  rate  of  inversion  is  proportional 
ie  hydrogen  ion  concentration,  and  the  HCl  not  united 
he  urea  is  assumed  fully  dissociated,  calculate  the 
ive  rates  of  inversion  of  the  original  acid,  and  of  the 
after  the  addition  of  2  N.  urea  ;  if  Kh  =  0*77 

=  —    fsalif °H]     [H']    +   ^lt]    =    1,    [BOH] 
lalt]  =  2-0. 
inswer     [H'~]  =  0*36  and  the  rate  of  inversion  =  0*36 

of  the  former  value. 
Walker  (Zeitsch.  physikal  Chem.  (1889),  4,  319). 

I.  Assuming  that  Na  acetate  and  NaOH  formed  by 
olysis  are  completely  dissociated,  but  that  the  acetic 
formed  is  not  dissociated,  compare  the  concentration  of 
nd  OH'  in  a  01  N.  solution  of  Na  acetate  with  the 
concentration  of  pure  water. 

Kw  =  1-2  X  10-14.     KA  -  1-8  X  10  ~5. 

Answer    h          —  [OH]  =  0*8  X  10  ~5 
[OH]  in  water  =  11  X  10  ~7 

.  If  KB  and  KA  are  dissociation  constants  and  ft  = 
legree  of  hydrolysis,  etc. 

N2 
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then 


[J3-]   X   [OH'] 
B  ~  BOH         '  KA  = 

(See  equations  (14),  etc.,  p.  157.) 


HA 


Undissociated  base  =  undissociated  acid  =  fie  (BA  being 
supposed  fully  dissociated). 

Find  the  degree  of  hydrolysis  h  for  aniline  acetate,  froi 
the  following : 

h,  as  found  by  the  independent  measurements  of  Arrhe- 
nius  and  Walker,  is  0*557.  Kw  =  1*2  X  10  -  14.  At  a 
dilution  of  256  litres  to  1  mol.,  Bredig  found  that  h  = 
8  X  10  ~  2  for  aniline  hydrochloride.  KA,  for  acetic  acid, 
as  before  =  1*8  X  10  ~5. 

Answer     The  percentage  hydrolysis  =  54*4. 
First  determine  KBt  then  the  degree  of  hydrolysis  of  the 
weak  acid  and  base. 

Abegg  ("Ahrens  Sammlung,"  8). 

48.  A  solution  containing  0*0238  mols.  of  Na^CO^  to  the 
litre  was  found  by  the  method  of  saponification  to  be 
0*00338  normal,  with  respect  to  OH.  By  analogy  with 
NaySOt,  it  is  estimated  that  Na^C03  at  this  concentration 
is  primarily  dissociated  (Na'  and  (70"a),  to  74  per  cent. 

Find  the  second  dissociation  constant  of  H2C03,  the 
value  of  Kw  at  the  temperature  in  question  (24*2°)  being 
1*04  X  10  ~14. 

Answer    K*  =  1*3  X  10  ~u 

C0"3  +  HOH  =  OH'  +  HCO'3 

ru.1  \s  rr<nrr  T  v 

A.     L1^  f    8J  TT.  •*>-  W 


., 


„. 

" 


[HCO'a]  [OH'] ' 

Shields  (Zeitsch.  physikal  Chem.  (1893),  12,  175). 
Bodlander  (loc.  cit,  Problem  85,  p.  202). 

49.  How  much  free  acid  and  ammonia  is  there  in  1 
litre  of  a  0*1/A".  solution  of  ammonium  acetate  at  40°  (see 
Problem  62,  p.  191)? 

Kw  =  3  X  10  14. 
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Jse  equation  (16),  p.  157.) 

Answer     0*00084  mols.  of  each. 

9a.  In  a  partly  neutralised  solution  of  acetic  acid  the 
yl  ion  concentration  is  practically  equal  to  that  of  added 
,li,  i.e.,  to  the  acetate  present,  and  the  remaining  acetic 

is  chiefly  in  the  undissociated  state.  (See  Problem  24, 
71,  and  29,  p.  178.)  Calculate  the  value  of  [H-]  in  a 
tion  O'l  N.  with  respect  to  acid  which  has  been  half 
bralised  with  NaOH. 

Answer     [H-]  —  1*8  X  10  ~ 5. 

iich  a  solution  is  called  a  hydrion  regulator.  In  what 
>ortion  will  the  hydrion  concentrations  (a)  of  this  solu- 

(b)  of  pure  water  made  1*8  X  10  ~6  N.  with  respect  to 
?y  HCl,  be  increased  by  the  addition  of  1  c.c.  N/HCL  to 
re  of  each  ? 

Answer    (a)  4  per  cent. ;  (b)  5,600  per  cent. 

aday's  Laws  of  Electrolysis. 

D.  From  the  value  of  F  given  on  p.  12  find  the  number 
juivalents  of  any  substance  which  is  chemically  changed 
ich  electrode  when  a  current  of  1  ampere  is  passed  for 
'ur. 
Answer     0*0373  equivalents,  or  26*8  ampere  hours  for 

1  equivalent. 

ow  many  c.c.  of  electrolytic  gas  (reduced  to  N.  T.  P.) 
be  set  free  by  a  current  of  2  amperes  in  each  minute  ? 
Answer     20*9  c.c. 

Da.  The  current  efficiency  is  the  ratio  of  the  observed 
unt  of  chemical  transformation  effected  to  that  which 
esponds  to  Faraday's  Laws.  In  a  copper  refining  tank 
rrent  of  50  amperes  is  passed  for  five  hours.  The  weight 
opper  deposited  (from  CuSOi)  is  281  grams.  What  is 
surrent  efficiency  ? 

Answer     95  per  cent. 
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50b.  In  one  form  of  coulombmeter  mercury  deposited  from 
Hg%  (N0$)i  is  measured  in  a  graduated  tube.     If  15  c.c.  are 
deposited  in  ten  hours,  calculate  the  average  current. 
Answer     5*48  amperes. 

Find  the  number  of  equivalents,  multiply  by  the  number 
of  ampere  hours  for  1  equivalent,  and  divide  by  the  number 
of  hours. 

50c.  How  long  will  it  take  to  deposit  a  coating  of  silver 
0'15  mm.  thick  on  800  sq.  cms.  surface  at  a  total  current  of 
0*5  amperes,  density  of  silver  10*5.? 

Answer     3  hours  18  minutes. 

Find  grams  of  silver,  divide  by  the  electrochemical  equi- 
valent p,  and  divide  coulombs  so  found  by  the  coulombs  per 
hour  at  the  stated  current. 

50d.  The  anodic  regeneration  of  chromic  acid  proceeds 
according  to  the  equation — 

O2  (S04)3  +  4  HzO  +  30  =  #2O207  +  QH^SO^ 
How  many  ampere  hours  are  required  at  100  per  cent, 
current    efficiency  to   oxidise   1   litre    of    molar    chromic 
sulphate  ? 

Answer     160'8 

50e.  Aniline  is  prepared  by  the  reduction  of  nitro- 
benzene at  a  lead  kathode  in  acid  solution. 

C6H5NO*  +  6  H-  =  C6H5NH2  +  2  H,0  +  6  (+). 

If  the  average  current  efficiency  during  the  production  of 
500  grams  aniline  is  90  per  cent.,  how  much  hydrogen  will 
be  evolved  ?    If  the  voltage  between  electrodes  is  1,  how 
many  kilowatt  hours  are  required  for  the  500  grams  ? 
Answer     40  litres  of  hydrogen  ;  0  956  KW.H. 

Migration  Ratio  and  Ionic  Velocities. 

51.  A  solution  of  NaCl  containing  0*2081  gram  of  NaCl 
in  100  grams  of  solution  was  electrolysed  with  a  Zn  anode, 
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ig  a  current  which  deposited  0*4125  gram  of  silver  in  a 
lombmeter  in  series. 

'he  anode  solution  was  now  found  to  contain  0*1375 
m  of  Cl  in  100  grams  of  solution.  If  the  total  weights 
jhe  anode  solution  before  and  after  electrolysis  are  718*1 
i  719  grams,  what  is  the  transport  number  of  Cl  ? 

Answer     0*615. 

jalculate  the  grams  of  Cl'  required  to  transport  the 
nber  of  coulombs  ;  then  the  increase  of  Cl'  in  the  whole 
>de  solution. 

Foerster  ("  Elektrochemie  Wassriger  Losungen  "). 

>2.  When  two  negative  halves  of  an  accumulator  are 
de  into  one  cell,  electrical  energy  may  be  obtained  from 

reactions  — 

Pb  +  SOJ'  =  PbSOt  +  2  0 
PbSOi  +  2  0  =  Pb  +  SO,11 
i  Ci  is  greater  than  Ci,  the  electrode  in  Ci  is  positive  to 
,t  in  <72,  while  PbSO^  is  formed  from  H^SO^  in  Ci. 
the  average  VK  for  H9  in  H2SO^  is  0*8  between  Ci  =  0*2 
•  cent,  and  C2  =  1*35  per  cent.  H^SOi,  find  the  concen- 
tions  after  1  ampere  hour  has  been  taken  from  the  cell 
itaining  1  kilogram  each  of  Ci  and  <72. 

Answer     0*35  and  1*2  per  cent. 
SVhen  1  F  passes,  1  equivalent  =  J  H^SO*  is  used  up  in 

I  —  VK  equivalents  £04"  move  in  and  VK  of  H'  move  out  ; 
ioss  of  acid  is  VK  equivalents  .  Similarly  the  gain  in  C\ 
>K  equivalents  of  acid.  One  ampere  hour  =  0*0373  F. 
>e  Problem  50,  p.  181.) 

rhe  ^eight  of  acid  added  to  Ci  is  therefore  0*8  X  49  X 
'373  gram,  etc. 

53.  A  migration  cell  contained  a  solution  of  AgNOa. 
the  beginning  12*31  grams  was  equivalent  to  26'55  c.c. 

I  KCNS- 


184      PROBLEMS  IN  PHYSICAL  CHEMISTRY 


The  anode  was  silver,  the  kathode  copper  in  concentrated 
Cu  (N03)2  (to  avoid  gassing). 

In  series  was  placed  a  titration  voltameter  consisting  of 
NaNOa  solution,  with  a  silver  anode  and  a  kathode  of 
platinum  in  HNO& 

After  two  hours,  at  about  10  milliamperes  the  AyNO^ 
formed  in  the  voltameter  was  equivalent  to  36*16  c.c.  of 
the  KCNS  solution,  while  the  anode  solution  of  the  cell 
weighing  23*38  grams  was  equivalent  to  69*47  c.c.  of  the 
KCNS  solution. 

Find  the  transport  numbers  of  Ag  and  NOs.  If  the 
solution  did  not  change  much  in  concentration,  it  would  be 
possible  to  calculate  directly  in  terms  of  KCNS. 

Show  that  this  approximate  calculation  gives 


=0*474. 


•         4-V,  J  1      U  26'56     ><     170 

in  the  anode  solution  =  1    AA  grams  m 

OU  X   1,UUU 

12*31. 

/.  1  gram  of  water  contained  0*00739  AgNO$  before  the 
electrolysis. 

The  anode  solution  after  the  electrolysis  contained 

69*47  X  170         00 

=  °'2361    mm  °f 


50  X  1,000 
/.  the  weight  of  the  water  was  23*14  grams. 

23*14  grams  of  water  before  electrolysis  contained  0*1710 
gram  of  AgNQ^. 

2314  grams  of  water  after  electrolysis  contained  0*2361 
gram  of  AgNOs. 

Increase  =  0*0651  gram  of  AgNO*  =  0*000383  equiva- 
lent. 

Total    silver    dissolved  =  0*08616   X  -^  =  0*000723 

50 

equivalent. 
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Loss  due  to  migration  __  0*000723  —  0*000383  _ 
Total  ions  passing  0*000723 

Answer     VK  =  0*47. 
VA  =  0*53. 
Ostwald-Luther  ("  Phys.  Chem.  Messungen,"  p.  505). 

54.  A  cell,  consisting  of  a  copper  kathode  in  Cu(N03)^ 
1  an  anode  of  amalgamated  cadmium,  in  a  solution  of 
7£  is   used    to    measure   the   transport   numbers  of    K 
d  Cl. 

Show  that  the  total  gain  of  Cl  in  the  anode  compartment 
the  migration  gain  of  Cl  in  the  anode  compartment  = 
3  migration  loss  of  Cl  in  the  kathode  compartment. 
[n  the  voltameter  in  series  with  the  above  cell  0*4176 
im  of  Ag  was  deposited. 

The  anode  solution  contained,  after  the  electrolysis,  0*5240 
im    of   Cl   in    a    given   weight    of   water,   which    had 
3viously  contained  0*01281  equivalent. 
Find  the  transport  numbers  of  Cl  and  K. 
Answer     VA  =  0*504. 
VK  =  0*496. 

55.  A  solution  of  CuSOi,  containing  originally  0*02547 
Bivalent  of  CuSOt  in  50*11  grams  of  water,  was  electro- 
led  with  a  copper-plated  anode  and  a  platinum  kathode. 
At   the   anode,  a  certain  amount  of   Cu^O  was  formed 
ich  has  been  calculated  as  Cu. 

The  equivalents  of  Cu  on  the  anode  before,  and  as  Cu  + 

20   after,  were   0*06938  and  0*06467,  and  the  solution 

itained  0'02869  equivalent  (S0\)  and  0*02857  equiva- 

it  (Cu")t  after  the  electrolysis. 

Find  the  transport  numbers  of  Cu  and  SO^,  the  weight  of 

pper  deposited  on  the  kathode,  and  the  weight  of  Cu^O 

med. 

Answer     VK  —  0*33. 

Cu  deposited  on  kathode  =  0*1533. 

Weight  of  Cu^O  formed  =  0*0086  gram. 
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First  calculate  the  net  loss  or  gain  of  Cu  from  the  anode 
compartment  =  VK  when  divided  by  the  total  equivalents 
set  free. 

The  gain  of  SOt  in  the  anode  gives  VA,  since  the  current 
is  carried  only  by  Cu"  and  £0"4. 

The  difference  between  Cu  and  SOi  in  the  anode  com- 
partment after  electrolysis  is  evidently  due  to  simultaneous 
formation  of  H"  and  Cu^O.  The  Cu%0  will  decrease  the 
apparent  loss  from  the  anode.  It  has  been  calculated  as 
Cu  above  and  is  equivalent  to  the  H'  formed. 

The  loss  of  kation  from  the  anode  compartment  = 
0-06938  —  0-06467  —  (0'02857  —  0*02547)  equivalent  = 
0-00161  =  kuK. 

The  gain  of  SO*  in  the  anode  =  kuA  =  0'02869  —  0'02547 
=  0-00322. 

Hence,  calculate       -77 f — r  =  VK. 

k(uA  +  UK] 

The  grams  of  Cu  deposited  on  the  kathode 
=  k(uA  +  UK)  31-8.    • 

56.  An  electrolyte,  such  as  KCl  in  water  and  gelatine 
(to  prevent  diffusion),  is  interposed  between  the  anode  and 
kathode  compartment  of  a  cell.  These  compartments 
respectively  contain  solutions  of  CuSO*  and  K%CrOt  (or 
other  coloured  kations  and  anions  which  move  more  slowly 
than  K  and  Cl).  When  a  current  is  passed,  the  motion  of 
the  faster  moving  ions  K  and  Cl  is  rendered  visible  as  the 
motion  of  coloured  boundaries.  These  boundaries  remain 
sharp  if  a  slower  follows  a  faster  ion.  The  velocities  are 
those  of  the  faster  ions  K  and  Cl  under  the  potential 
gradient  in  this  part  of  the  tube. 

Masson  (Zeitsch.  physikal  Chem.  (1899),  29,  501). 

The  ratio  of  the  length  of  the  blue  section  (Cu)"  to  the 
yellow  (CrO*)"  at  any  time  was  as  follows  : 
All  salts  were  0*5  normal. 


0-463 
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KCl  Nad  NazSOt 

1-021  0*671  0-765 

;i)  What  is  the  transport  number  of  the  anion  in  the 

ts? 

(2)  Also  compare  the  equivalent  conductivities  :    of   K' 

bh  Na' ;  of  Cl'  with  S0"4 ;  and  of  Mg~  with  Na\ 

Assuming  equal  dissociation. 

Answer  (1)  VA  =  0'495  (KCl)  0'598  (Nad) 

0*567  (%NctySOi)         0*684  QMgSO*). 

1  aU 

VA  =  z— : — TT~  and  -j~  is  known  from  the  above. 
1  +  O-UK         &UA 


(2)  If  there  are  two  ions  a  and  b  of  valencies  (n)  1  and  2, 
)ving  at  the  same  speed,  the  equivalent  conductivities 
the  two  ions  are  also  equal. 


Answer    -f-  =  -FT^T  or 


Ratio  for 


CV 


2£  .  ^^_=  1-52. 


=  0-60. 


57.  The  velocities  of  the  ions  can  also  be  measured 
rectly,  by  observing  the  rate  of  motion  of  a  boundary 
tween  a  concentrated  and  dilute  solution,  without  the  use 
a  jelly. 

Steele  (Zeitsch.  physical  Chem.  (1902),  40,  689). 
Denison  and  Steele  (Phil.  Trans.  (1906),  205A,  449). 
The  velocities  directly  observed  for  K'  and  Br1  under  unit 
'tential  gradient,  in  01  N.  solution  of  KBr,  were  0'03656 
id  0'03710  centimetre  per  second  at  25°. 
Find  the  molecular  conductivity  A. 
The  velocities  observed  are  the  apparent  velocities  aUA 
id  aUK. 

Answer     A  =  131'9. 
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58.  The  velocities  of  Ba"  and  CV  in  01  N.BaCk  were 
found  to  be,  0'03452  and  0'03638  centimetre  per  second  at 
25°.      Find  the   transport  number  of  the  anion  and  the 
specific  conductivity. 

Answer     VA  =  0-584.         K  =  0'01052. 

59.  The   electrolytic    alkali    process  depends  upon  the 
formation  of  OH'  at  the  kathode.     The  ions  carrying  the 
current  are,  on  the  one  hand,  K',  and,  on  the  other,  OH' 
and   Clf.     The    products   obtained    are,   at    the    kathode, 
hydrogen,  at  the  anode,  oxygen  and  chlorine. 

Since  the  alkali  is  the  most  important  product,  it  is 
necessary  to  consider  only  the  kathodic  current  efficiency. 
This  is  given  by  the  ratio  of  the  number  of  equivalents  of 
KOH  actually  formed,  to  the  maximum  number  of  equiva- 
lents of  KOH  corresponding  to  the  current  used. 

The  efficiency  depends  upon  the  amount  of  OH  passing 
through  the  diaphragm,  and,  therefore,  upon  the  proportion 
of  the  total  current  carried  by  KOH(x)  and  KCl(l  —  x) 
across  the  diaphragm,  i.e.,  upon  the  transport  number  OH' 
in  KOH(v2),  and  the  transport  number  of  CV  in  KCl(v-^. 

Let  jq  and  *2  be  the  conductivities  of  KCl  and  KOH,  and 
A\  the  current  efficiency  defined  as  above. 


""  x 


a2C2  (A 


For  each  equivalent  of  KOH  formed,  the  kathode  chamber 
loses  vi  of  KCl  when  there  is  very  little  KOH  in  the 
solution  ;  on  the  other  hand,  when  there  is  excess  of  KOH 
the  kathode  chamber  loses  v2  of  KOH.  The  alkali  current 
efficiencies  (A)  in  the  two  cases  will  be  1  and  1  —  v%. 

When  there  is  x  of  KO  H  to  1  —  x  of  KCl  (well  mixed)  in 
the  kathode  chamber  the  alkali  current  efficiency  A  will  be 
equal  to  1  — 
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The  current    yield   at   any  moment  -^  may   thus   be 

Iculated  from  the  analytical  composition  of  the  kathode 

amber  (Ci  of  KCl  and  C2  of  KOH). 

The  integral  current    yield   as    denned   above   may  be 

tained  by  dividing  the  number  of  equivalents  of  alkali 

•med  in  a  given  time  by  the  number  of  equivalents  of 

pper    deposited    in    a    coulombmeter    in    series.      (See 

»erster,  "Elektrochemie  Wassriger  Losungen.") 

The  following  results  have  been  selected  from  the  work 

Foerster  u.  Jorre  (Zeitsch.  anorg.  Chem.  (1899),  23, 
8). 

The  electrolyte  was  a  solution  of  KCl,  from  which  during 
9  first  and  second  two-hour  periods  17'78  and  14*29  grams 

KOH  were  produced,  the  copper  deposited  by  the 
rrent  during  the  same  two  periods  being  11*47  and 
'71  grams. 

At  the  end  of  the  first  two  hours,  the  equivalents  of  KCl 
d  KOH  present  in  100  c.c.  of  solution  were  0*2382  and 
)418 ;  at  the  end  of  the  second  two  hours,  0*2224  and 
)754  respectively. 

Calculate :  (1)  the  mean  current  yield  during  the  second 
o-hour  period;  (2)  the  current  yield  per  second  at  the 
d  of  the  second  two-hour  period,  from  the  following 
lues  of  the  transport  numbers  v  and  the  limiting  mole- 
lar  conductivities  A0. 


KCl. 

If  C  =  2 
Vl  =  0-515 
A=  129-07 


KOH. 

If  0  =  0-2  0*5 

r2  =  0*736        0*788 
A0  =  235 


1*0 
0*74 


Answer    (1)  69*0  and  (2)  71*8  per  cent. 


60.  At  the  end  of  the  sixth  hour  the  equivalents  of  KCl 
id  KOH  present  in  100  c.c.  were  0*2096  and  0*1071,  at 
e  end  of  the  eighth  hour  0*2066  and  01331,  respectively. 
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Hence,  calculate  the  mean  of  the  current  yields  at  ends  of 
each  two  hours,  and  compare  it  with  the  total  current  yield 
found  during  the  first  four  hours. 

Answer  70  per  cent,  and  78  per  cent. 

Draw  the  graphs  of  the  current  yield  -^  and  of  the  total 

cLJ. 

alkali  x,  both  against  time. 

Note.  —  In  this  problem  ax  is  assumed  to  be  equal  to  a2  in 
equation  (1). 

Using  equation  (1)  of  last  problems,  compare  the  current 
efficiencies  in  the  case  of  KCl  and  Nad  at  the  end  of  an 
electrolysis,  at  which  time  the  kathode  liquors  are  found  to 
be  double  normal,  with  respect  to  chloride,  and  normal, 
with  respect  to  alkali. 

VA  (KOH)  =  0'74     VA  (NaOH)  =  0'825 
LK  =  65-3     LNa  =  44-4     Lcl  =  65'9    LOH  =  174 

Answer    For  KCl  64*8  per  cent. 
For  NaCl  59'2  per  cent. 

61.  It  was  not  found  profitable  to  continue  an  electrolysis 
of  NaCl  after  the  current  efficiency  had  fallen  below 
80  per  cent. 

What  is  the  ratio  of  chloride  to  alkali  at  this  point  ? 

If  the  solution  is  now  double  normal  with  respect 
to  NaCl,  find  the  alkali  concentration. 


Answer     r-i  -  6'2       [NaOIf]  =  0'32 

62.  The  Le  Chatelier-Van't  Hoff  principle  of  equilibrium 
displacement  may  be  applied  to  reactions  in  solution, 
if  :  Q  =  the  heat  absorbed  on  dissociation,  and  K  =  the 
dissociation  constant  as  defined  above, 

d  log  K  _    _£ 
dt 
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'he  dissociation  constant  of  water  at  0°  is  0*12,  and  at  2° 
3'15  (Kohlrausch  and  Heydweiller).  Find  the  heat 
tved  on  the  combination  of  1  gram  equivalent  of  H*  with 
1  OH',  to  form  liquid  water  at  1°,  assuming  that  Q  can 
iaken  as  constant  over  this  range. 

Answer     Q  —  16,500  calories. 
Dnic  product  of  water  X  1014  (Lunden)  : 

306 


168? 


0° 

10 

18 

25 

40 

50 

100 

218 

wenherz 

1-41 

>hlrausch   and 

jydweiller 

0-12 

0-31 

0-64 

1-11 

3-26 

6-15 

(72) 

nden 

(0-12) 

0-31 

0-62 

1-05 

2-94 

5-17 

(33) 

>yes 

'0-09 

0-46 

0-82 

48 

461 

(  )  =  extrapolated. 


3.  The  heat  of  dissociation  of  water  has  been  expressed 
ihe  interpolation  formula : 

4-045  X  10~6     ,     . 

Q  =   -         ^        -  calories. 

[ence,  if  the  dissociation  constant  Kw  —  0*12  X  10  ~14 
>°  C.,  find  Kw,  at  18°  C. 

CQdt  __  [4-045  X  1Q-Q  dT       --  4'045  X  IP"6 
"  )RT*~~  }         ET  T2'  2ET2 

Answer    Kw  =  0'62  X  10-14(18°). 

4.  From  the  calorimetric  measurements  of  many  experi- 
iters,  the  heat  of  ionisation  of  water  may  be  expressed  by  : 

Q  =  -  14,700  +  50  t  calories. 

he  dissociation  constant  for  the  first  H'  of  boric  acid 
•8  at  18°,  and  8*5  at  40°  (X  1010). 
ssuming  that  the  heat  of  dissociation  (Qd)  does  not  alter 
ih  over  this  range  of  temperature,  calculate  Qd  and  the 
b  of  neutralisation  (Qn)  at  29°  by  NaOH. 

Qn  =  Qd  -  Q  =  +  10,210. 

Lunden  ("  Ahrens  Sammlung,"  14). 
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65.  The  heat  of  dissociation  of  succinic  acid  is  1>100  cal. 
(absorbed)  at  21*5°.     Calculate  the  heat  of  neutralisation 
Qn  of  ja  0*28  N.  solution  containing  1  mol.   of    the  acid 
which  is  1/5  per  cent,  dissociated  at  this  dilution.     Alkali 
used  and  salt  formed  are  assumed  completely  dissociated. 

Answer     Qn  =  +  12,500  cal. 

65a.  If  the  dissociation  constant  of  acetic  acid  passes 
through  a  maximum  at  t  =  22°  C.,  show  that  the  heat  oi 
neutralisation  should  be  13,600  cal. 

65b.  What  is  the  heat  of  formation  of  1  gram  ion  of  H' 
and  of  F'  from  J  H^F2  given  that  Qn  at  21*5°  is  16,270  cal.  ? 
Answer     +  2,600  cal. 

Distribution  Ratio. 

66.  A  solution  of  J2,  Ca  grams  in  100  c.c.  of  benzene  is 
shaken  up  with  water.     Find  the  ratios  of  the  concentra- 

/T» 

tions  ~  in  the  two  solvents,  i.e.,  the  distribution  ratio  of  la 
02 

between  water  and  benzene,  given  that — 

(1)  100  c.c.  of  the  water  needs  T7  of  N/100  thiosulphate ; 

10  c.c.      „      benzene  „    65  „  ,, 

(2)  The  c.c.  of  thiosulphate  are  T07  and  39 '2  respectively. 

/~i 

Answer    -~  (mean)  =  0'00265. 
C2 

66a.  If  the  solubility  Cs  of  I2  in  water  (100  c.c.)  is  0'025 
gram,  find  the  solubility  in  benzene. 

Answer     9*4  grams  in  100  c.c.  solution. 

67.  Find  x\,  the  weight  of  iodine  left  in  100  c.c.  of  the 
aqueous  solution  of  the  last  problem,  after  shaking  with 
50  c.c.  of  benzene. 

Answer     013  mgrm. 
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fa.  If  v  c.c.  of  water  containing  originally  C\  grams  /2 
shaken  out  n  times  with  vi  c.c.  each  time  of  another 
int,  show  that  the  weight  xn  left  in  the  v  c.c.  is 


=  —,  as  above). 


je  find  #5,  the  iodine  left  in  100  c.c.  of  water  after 
Bxtractions  with  10  c.c.  of  benzene. 

Answer    x5  —  2*9  X  10~7mgrm. 

I.  The  absorption  coefficient  of  oxygen  in  water  is 
*47,and  for  nitrogen  is  0'01651,  bothat  16°.  (Seep.  161.) 
>w  much  oxygen  and  how  much  nitrogen  can  be  boiled  or 
?ed  out  of  1  litre  of  water  which  has  been  saturated  (volume 
intage  20  of  02  and  80  of  JVa)  with  air  at  740  mm.  ? 

Kp  gas  =  C  (liquid). 

When  P  =  1  atmosphere  K  =  C. 

=  '03347  c.c.  per  c.c.  of  liquid. 

Answer     02  =  6*5  c.c. 

Ni  =  12-8. 

i.  At  16°  and  1  atmosphere,  water  dissolves  0'985  of  its 
ne  (reduced  to  N.  T.  P.)  of  carbon  dioxide.  The 
mtration  of  <702  in  the  water  is  proportional  to  the 
ure  of  the  gas. 

id  the  partition  coefficient     2.^     —  •  and  the  number 

Ci  gas 

ams  of  C02  dissolved  by  1  litre  of  water,  under  a 
ure  of  5  atmospheres. 

air  saturated  with  water-  vapour  at  16°  contains 
per  cent,  of  its  volume  of  CO*,  how  many  gram 
mles  per  litre  of  C02  does  the  water  contain  ? 

C1 
Answer     ~  =  T04,  Ci  =  0'968,  gram  per  litre. 


gram  molecule  per  litre. 


194     PROBLEMS  IN  PHYSICAL  CHEMISTRY 

70.  According  to  the  experiments  of  Sieverts  and 
Hagenacker  (Zeitsch.  physikal  Chem.  (1909),  68,  115),  see 
Donnan  and  Shaw  (Journ.  Soc.  Chem.  Ind.  (1910),  29,  988), 
oxygen  dissolves  in  silver  to  the  extent  stated  below  at 
various  pressures,  the  temperature  being  1,075°  throughout, 

Find  the  molecular  complexity  of  the  dissolved  oxygen, 
and  the  number  of  cubic  centimetres  of  oxygen  dissolved  by 
1  gram  of  silver  exposed  to  the  air  at  this  temperature. 


Pressure  of  oxygen  in 

millimetres  of 

mercury. 

1,203 

760 

488 


c.c.  of  02  reduced  to  N.  T.  P., 

dissolved  by  10*87  grams 

of  silver. 

26-91 

21-01 

17-02 


Answer    The  dissolved  oxygen  is  present  as  0  (or  Ag^O). 
1  gram  dissolves  0*869  c.c. 

K  =  -P-=  1-30  (mean). 

Equilibrium  in  Solution  (Heterogeneous). 

71.  The    ionic  conductivities  according  to   Kohlrausch 
("  Leitvermogen  der  Electrolyte  ")  of 

iO20'4        JCa-         %Sr-         $  Ba- 
are  given  on  pp.  159,  160. 

The  conductivities  of  saturated  calcium,  strontium  and 
barium  oxalates  at  18° are:  9*6 X  10 ~6,  54*0  x  10 ~6  and 
78*3  X  10  ~6. 

What  are  the  respective  solubilities,  in  milligram  equiva- 
lents per  litre  ? 

Answer     0*0828  ;  0*461 ;  0*653. 

72.  It  will  be  observed  that  in  the  last  calculation  1K  and  1A 
of  the  ions  in  the  dilute  saturated  solutions   are  taken  as 
identical  with  LA  and  LK.     This  introduces  an  error,  even 
in  the  case  of  so  slightly  soluble  a  salt  as  AgCL 
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re  error,  of  course,  becomes  more   important,  as   the 
bility  increases. 

ins  in  the  case  of  AgCl  the  conductivity  of  a  saturated 
;ion   at  18°  is  1'24   X    10  ~6.     The  concentration  is, 


efore,  to    a  first  approximation 


10 


—  6 


1-24 


o 


.018.  From  the  table,  p.  160,  at  C  —  0'031  A  =  120'7, 
.-.  x  =  12-07  X  10  ~6.  HenceAatC  =  0-04lis  121-68, 
1-24 


C  = 


=  0*0102  milli- equivalents  per  litre. 


121-7 

3.  If  the  conductivity  of  a  saturated  solution  of  Ca(OH)% 
8°  is  0-004817,  find  the  solubility  Cs. 

Answer     1'76  gram  per  litre. 

roceed  as  in  the  last  problem,  using  the  value  of  A0  in 
3,  pp.  159,  160,  in  order  to  get  an  approximate  value  of 
then  find  A  corresponding  to  this  C  and  redetermine  Cs 
bove. 

5a-  What  will  be  the  decrease  in  the  solubility  of  AgCl, 
ilated  on  the  assumption  of  the  constancy  of  LAgCl,  on 
iddition  of  O'OOl  N'KCl  or  AgN03  ?  Note  that,  according 
.  162,  the  solubility  of  AgCl  in  equivalents  in  presence 

:Cl  is  equal  to  (Ag-)  =  -^y 

nswer  The  solubility  diminishes  from  1  X  10  ~ 2  milli- 
equivalents  to  1  X  10  ~  4  milli-equivalents 
per  litre. 

1.     The  dissociation  constant  of  orthophthallic  acid  is 

<  10  ~ 3,  and  its  solubility  at  17°  is  0*06  gram  equivalent 

litre. 

rhat  is  the  hydrogen  ion  concentration  in  a  saturated 

tion  of  the  acid  at  17°,  and  in  solutions  containing  O'l, 

and   5*0  c.c,  of    N/NaOH  in  10  c.c.  of  the   solution 

le  presence  of  solid  acid  ? 

o  2 
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The  Na  salt  is  assumed  completely  dissociated. 

Answer     [H'~\  in  a  saturated   solution  of  the  acid 

=  8'49  X  10  ~3. 
[#•]  in  the  presence  of  NaOH  =  7'2X10-3, 

7'2  X  10  ~4,  and  1*44  X  10  ~*. 
(See  Problem  24,  p.  171. 

If  C\  is  the  constant  concentration  of  the  undissociated 
acid,  <7a  the  concentration  of  Na  (  —  [A'])  and  V  ==  the 
number  of  cubic  centimetres  of  normal  NaOH  in  10  c.c.  of 
the  solution,  then  : 

V  KCi  x  10 


Fels  (Zeitsch.  Elektrochem.  (1904),  10,  208). 

75.  The    solubility  of  uric   acid   in   water    at    18°  is 
0*0,1506  mol.  per  litre.     The  molecular  conductivity  of  the 
saturated  solution  is  32'24,  and  the  ionic  conductivity  of  the 
anion  LA  is  21.     Find  the  degree  of  dissociation  of  the  acid 
in  the  pure  saturated  solution,  and  the  solubility  in  normal 
hydrochloric  acid  (a  =  0'78). 

Answer     a  =  0*095, 

S  =  0'023  gram  per  litre  ; 
the  solubility  being  thus  decreased  in  the  ratio  0'905  to  1. 

Find  a  from  LA  and  LH  (table,  p.  160),  then  the  dissociation 
constant  of  the  acid.  The  value  of  [H']  from  the  HCl  is 
then  introduced  into  the  dissociation  equation,  and  with 
the  constancy  of  [HA]  allows  the  new  solubility  to  be 
calculated. 

Hober  ("  Chemie  der  Zelle  "). 
His  and  Paul  (Zeitsch.  physiol  Chem.  (1900),  31,  1). 

76.  Consider  again  the  equilibrium  between  an  easily  and 
a  slightly  soluble  acid,  the  latter  being  present  also  in  solid 
form,  as  in  the  last  problem,  but  with  the  difference  that 
the  dissociation  constants  of  the  two  acids  are  of  the  same 
order. 
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[n  writing  out  the  equations  for  this  case,  the  constancy 
the   solubility  product  of  the  slightly  soluble  acid  has 
lin  been  assumed.     Such  a  solution,  containing  saturated 
romiso-cinnamic    acid    (HA)    and    unsaturated    oxanilic 
d  (£L4i),ha0  been  investigated  by  Noyes. 
See  Van't  Hoff  (Lectures,  L,  151). 
romiso-cinnamic  acid  : 

K  -  0-0144. 

Solubility  before  the  addition  of  oxanilic  =  C0  =  0*0176. 


Solubility  after  the  addition  of  C\  mols.  of  oxanilic  = 
—  0*0136.     Degree  of  dissociation  =  a. 
Oxanilic  acid  (HAi). 

Ki  —  0-0118. 

Concentration  of  the  added  acid—  Oi=0'0272  mol.per  litre. 
)egree  of  dissociation  of  HAi  in  the  mixture  =  a!. 
/erify  the  following  equations  : 


ao  =  0-584. 
(C  —  0-00732)  (C  -  0-00732  +  aid)  =  K  X  0'00732. 

aid  (C  -  00732  +  aid)  =  KI  (Ci  -  cud). 
lence  find  the  concentrations  of  the  anions  of  HA  in  its 
irated  solution  and  of  HAi  in  the  solution  saturated  with 
h  acids. 

Answer     0*0103  and  0*011  gram  ion  per  litre. 

'7.  It  was  found  as  above  that  the  addition  of  oxanilic 
I  to  the  extent  of  0*0524  mol.  per  litre  alters  the  degree 
dissociation  of  the  broniiso-cinnamie  to  0*390,  that  of 
added  oxanilic  being  0*340. 

VTiat  will  now  be  the  total  amount  of  the  bromiso- 
lamic  acid  in  the  solution  ? 

Answer     C  =  0'0120  mol.  per  litre. 


C0(l-oo)~  0(1 -a) 

vhich  the  denominators  are  equal  as  above. 
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78.  The  following  relations  hold  between  a  relatively 
soluble  iodide  and  sulphate  (e.g.,  of  No)  in  equilibrium  with 
a  relatively  insoluble  iodide  and  sulphate  (e.g.,  of  Pb),  in  the 
presence  of  excess  of  the  insoluble  salts  (e.g.,  solid  Pblz  and 
PbSOt). 


"]  X 

Now  if  the  salts  are  equally  dissociated  as  is  the  case  to  a 
first  approximation,  [/']  varies  as  [Nal]  ;  [S0"t]  varies  as 
[NaySOi],  and  the  solubility  products  of  Pbl%  and  PbSOi 
are  in  the  same  ratio  as  the  salt  concentrations  raised  to 
the  appropriate  power. 

[Nal]  [NaySOi]  gram  equivalents  per  litre. 

(1)  0-04151    0-01154 

(2)  0-0252     0-0428 

From  the  above  concentrations  of  Nal  and  Na^SO^  in 
equilibrium  with  solid  Pbl^  and  PbSOt,  determine  the 
probable  ratio  of  the  solubility  products  of  Pbl^  and  PbSOi. 

Answer     0'298. 
Findlay  (Zeitsch.  physikal  Chem.,  34,  422). 

79.  For  a  homogeneous  reaction  in  solution  : 
2  ?i  log  C  =  log  Kc  =  constant. 

If  one  apparent  mol.  is  really  "i"  effective  mols.  as 
judged  by  the  lowering  of  the  freezing  point,  etc.,  then  the 
exponents  n  must  each  be  multiplied  by  their  appropriate 
factor  i. 

(See  p.  212.) 

Thus  in  the  case  of  the  reaction  : 

BaC03  +  KzSOt  =  BaSOt  +  K^C03 
(in  the  presence  of  solid  BaC03  and  BaSO*)  n  =  1  and 
i  =  %'ll(Kg/SOt)  and  2* 


PEOBLEMS   IN  PHYSICAL  CHEMISTRY      199 


The  active  masses  of  BaCO3  and  BaSO^  being  constant, 
9  included  in"K" 

or  log  C         —  1'07  l°  =  constant. 


The  above-mentioned  equilibrium  was  one  of  the  earliest 

amples  of  mass   action  studied    (Guldberg  and   Waage, 

urn.  prakt.  Chem.  (2)  (1879),  19,  89). 

The  activity  coefficients  "  i  "  of  the  two  potassium  salts 

ly  be  taken  as  sensibly  equal  to  one  another.     The  mass 

uation  then  takes  the  simplest  form  : 

A  mixture  of  the  solid  barium  salts  in  excess  was  treated 

th  1  litre  of  3'5  molar  KZC03.     At  equilibrium  0*7  mol. 

BaSOi  had  been  transformed  into  BaCOQ. 

What  is  the  equilibrium  constant 

Answer  K  =  0'25. 

80.  The  mixed  barium  salts  at  the  same  temperature 
jre  treated  with  1  litre  of  a  solution  containing  0*25  mol. 
#2#04  and  3'0  mols.  of  K^C03.  What  is  the  theoretical 
ange  in  the  weight  of  the  solids  ? 

Answer     +  14*4  grams. 

Let  Ci  and  Ca  be  the  initial  concentrations  of  KgjSOi  and 
2<703  and  x  the  amount  of  K%SOi  transformed. 


Then 


Hence 


x 


Ci+.x 


or 


—  x 


x  = 


\  etc. 


Loss  of  weight  =  x  (SO*  -  C03)  or  x  (C03  —  S0±). 

81.  Silver  nitrate  and  bromate  are  equally  dissociated  at 
e  same  dilution,  but  the  latter  is  only  soluble  to  the 
tent  of  0*00810  mol.  per  litre.  The  degree  of  dissociation 
either  of  them  in  a  mixture  has  been  taken  to  be  the 
me  that  either  would  have,  if  present  alone,  at  the  same 
ncentration  as  that  of  the  mixture  (Problem  32,  p.  175). 
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In  what  follows,  the  degree  of  dissociation  is  calculated 
for  the  total  concentration  of  the  mixed  salts,  before  the 
precipitation  has  taken  place.  If  desired,  a  closer 
approximation  may  be  obtained,  by  a  recalculation, 
substituting  the  value  of  a,  corresponding  to  the  provisional 
concentration  found  in  the  first  place. 

C  a 

0-0081  0-949 

0-0166  0-930 

0*0427  0-884 

Find  the  weight  of  AgBr03  precipitated  from  a  litre  of 
saturated  solution  on  the  addition  of  0'0085  mol.  and  of 
0-0346  mol.  of  solid  AgNOB  (or  KBr03). 

C  =  —  §  +  V^^  +^r  =  0*00510  and  0*00216, 


where  OQ  is  the  degree  of  dissociation  of  saturated 
a.  the  common  degree  of  dissociation  of  each  salt  after  the 
addition  of  AgNO&  Co  and  C  the  saturation  concentrations 
of  AgBrOs  before  and  after  the  addition,  and  Ci  the 
concentration  of  the  added 


Answer  0-00810  —  0-0051    =  O'OOS      X  236  =  0708  gram. 
0-00810  —  0-00216  =  0-00594  X  236  =  T40     „ 

82.  What  weight  of  AgBrO^  is  precipitated  when  300 
cubic  centimetres  of  a  0*0577  normal  solution  of  KBr03  is 
added  to   200  cubic  centimetres  of  a  saturated  solution 
of  AgBrOB  ? 

Answer     1*44  gram. 
C  before  precipitation 

0-0081  X  4  +  0-0577  X  6  _ 
~10~ 

83.  A  solution  3*0  N.  with  respect  to  KOH,  when  shaken 
with  excess  of    moist  AgOH    and    AgCl  was    found    at 
equilibrium  to  contain  8'503  millimols  per  litre  of  KCl,  and 
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'8  milliuiols  of  KOH ;  while  a  solution  initially  0*1  N. 
COH  and  0*5  N.  to  KCl,  with  the  same  solid  phases  gave 
.8  millimol  of  KCl,  and  94'4  of  KOH.  The  degrees  of 
ociation  of  KCl  and  KOH  being  90  per  cent,  and  84  per 
;.  respectively  in  the  first,  and  94  and  88  per  cent,  in 
second  case,  find  the  solubility  product  of  AgOH,  if  that 
[gClia  1'5  X  10  ~5  mols.  per  litre  (assuming  complete 
ociation  of  AgOH].  Also,  if  the  total  solubility  of  AgOH 
ound  directly  to  be  216  X  10  ~4,  find  the  amount  of 
issociated  AgOH  in  equilibrium  with  solid  AgOH,  and, 
ce,  the  limiting  solubility  in  the  presence  of  excess  of 
:entrated  alkali,  e.g.  1  N.  in  respect  to  [OH'] . 

X  [OH']siKi[AgO&]=z 

X   [CV]   =  Kt[AgCt]    = 
r]2  referring  to  the  concentration  of  the  Ag'  ions  from 
)H  and  AgCl  in  pure  water. 

Ag- (horn  AgOH)  _     /OH 

Ag  '  (from  AgCl)   ''  ~  **    Cl 
Answer     Solubility  product, 

[Ag-]  X  [OH']  =  (1-47  X  10  ~4)  2  mols.  per  litre. 
.  undissociated  AgOH,  and  solubility  in  the  presence  of 
3ssof  OH'  =  0-7  X  10  ~4. 

'or^(from^OH)  =  ^^ 

C(Cl')  =  0-01052 
O(OH')  =  0-01038 
Noyes  (Zeitsch.  physikal  Chem.  (1903),  42,  836). 

4.  CaCOa  +  H20  =  J  CaHCOs  +  1  Ca  (OH)* 

'he  saturated  solution  of  CaC03  contains  131  X  10  ~6 

m  atoms  *  of  total  Ca  per  litre ; 

x^    ._  H  X   C0"&  -I.OQK   v   10-11 

Ka~    Hco's    -1295  x  ] 

Km  =  0-55  X  10-"  (all  at  16°). 

*  Mostly  as  ion. 


0-01045. 
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What  is  the  percentage  hydrolysis  of  the  CaC03  ? 
(See  Problem  48,  p.  180.) 

Answer     80  per  cent. 

[g']  X  [CQ"J       [C0"d  X  0-55  X  IP"14  _    „ 
(HCO'd  [HCO'tf 

[C0"a]  =  (Total  mols.  of  CaCO3  dissolved)  —  (mols.  of 
HCO'8).  Hence  [HCOj}  =  10'51  X  10  -  5  gram  molecules 
by  substitution  for  C0"8  in  the  above  equation. 

85.  A  solution  in  equilibrium  with  solid  CaC03  contains 
(a)  10*66  milligram  equivalents  of  total  Ca  per  litre  when  the 
C02  pressure  is  01422  atmosphere,  and  (b)  21  '1  2  milligram 
equivalents  when  the  <702  pressure  is  0*9841  atmosphere, 
The  calcium  is  dissolved  chiefly  as  Ca  (HC03)2  and  its  ions, 

The  degrees  of  dissociation  by  analogy  with  Ca  salts  of 
other  univalent  anions  are  0*87  and  0*83  respectively. 
Find  the  concentration  of  jfl<70'8ions,  the  solubility  product 
Ca"  X  COs,  and  the  solubility  of  CaCOs  in  pure  water. 

[Ca"]  X  [C0"8]  =#1      •         •  •  .  (1) 

[JBf-]  X  [ffCO't]  =  K^HzCOs]  .  .  (2) 

[JET-]  X  [C0"3]  =  K*iHCQf$  .  .  (3) 

.  .  (4) 


From  (2)  and  (3)  K*  [F2(708]  [COr/8]  =  K3  [HCO'tf     (5) 
„     (5)    „   (1)  Ki  K*  [H2C03]         =  K3  [HCO'Y  [Ca"] 
and  [Ca-]  =  j  [HCO'J  (in  gram  ions). 

Since  the  dissolved  carbonate  is  negligible  compared  to 
the  bicarbonate 

/.  2  Ki  K*  [HsCOz]  =  7^  [HCO'J3. 
or  with  (4)  2  #!  ^2  Ki  [pc02]  =  ^3  [HC03]3. 

#2  =  3*04  X  10-7 
#3=l-295  X  10  -11 
#4  =  0-04354 
(See  Problem  18,  p.  169.) 
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(1)  Answer     HC03  =  0*009272  and  0*01803 

=  0*001400  and  0-001428. 


12*69  X 

(2)  Answer     Mean  KI  =  2*842  X  10  ~9. 

(3)  Answer     5*333  milligrams  of  CaC03. 


L  =  0-00140,  etc. 


For 


••  x  C0"3  =  K'i  [CaC03],  where  [CaCO^  =  solubility  of 

the  salt  as  such. 
\Ca  "]  =  [C0"3]  =  0*0000533    gram    mols.   without 

hydrolysis. 

=  5*333  milligrams  of  CaC03. 
Bodlander  (Zeitsch.  physikal  Chem.  (1900),  35,  25). 

16.  According  to  Schloesing  the  solubility  of  CaC03 
al)  in  pure  water  is  13*1  milligrams  per  litre.*  Calcu- 
i  the  percentage  of  the  hydrolysis 

C0\  +  H*0  =  OH'  +  HCO'3 

ch  must  exist  in  order  that  this  experimental  solubility 
uld  agree  with  the  solubility  product  Ca  X  C03  of  the 
:  problem. 

l"/^ /»••"!     x/     f/^/T*  "I 

rn»  —  LCa  J  x  \-LU  3J 

{~f^n"~\ 

00\  converted  into  HCO'3  =  (181  -  2*17)  X  10~5. 

Answer     Percentage  hydrolysis  =  83*4. 

\7.  At  a  partial  pressure  of  002  =  0*1417  atmosphere, 
(HCOs)^  is  soluble  to  the  extent  of  9*286  milligram 
ivalents  to  the  litre,  and  dissociated  to  88  per  cent.  If 
actual  solubility  of  BaC03  is  9*42  X  10~5  in  water  free 
n  <702,  find  the  [OH1]  concentration  of  this  saturated 
ition. 

Answer     [OH'~\  =  7*37  X  10~5. 

See  last  problem  and  Bodlander,  loc.  cit.,  Problem  85.) 

*  Reckoned  as  CaC09. 
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Find  HCO'a,  SK^  and  C0"a  as  before,  and  hence  the 
degree  of  hydrolysis. 

88.  The    second    dissociation    constant    of    H^COS  (#3 
above)  is,  according  to  McCoy  (Journ.  Amer.   Chem.  Soc., 
April,  1911)  5-5  X  10~n.     Taking  the  solubility  of  CaCO^ 
as  roughly  10  milligrams   per  litre   (hydrolysed  or  not), 
calculate  to  a  first  approximation  the  degree  of  hydrolysis 
of  CaCOs  in  pure  water,  and  the  concentration  of  OH  pro- 
duced.    (A  more  exact  method  of  calculation  will  be  found 
in  the  paper  referred  to.)     Kw  =  0'54  X  10~14. 

Answer     62  per  cent,  hydrolysed,  [OH'~\  =  0'6  X  10  ~4. 

X[CQ"3]_         '_  JEV  X  (1  -  h)C 
[HCO's]  A2  "  (hCh 

0-54  X  10-"  X  (1  -  ft)    _  6.6        10_n 

h*  X  1  X  10-4 
(See  equation  (14),  p.  157.) 

89.  The  total  solubility  of  NaHC03  is  governed  by  the 
equations  : 

[#•]  X  [HCO'd  =  3-04  X  10~7  [H*COB]  .  (1) 
[/?•]  X  [C0"3]  =1-8  XlO-n[tfCO'3]  .  (2) 
[H2C08]  =  0-04955  (PcoJ  .  (3) 

Hence  prove  the  relation  : 

[fl<703]2  =  [C0"8]    X  ^Co2  X  1159      .  .     (4) 

Bodlander  (loc.  cit.). 

It  has  been  found  that  NaHC03  is  less  soluble  in  the 
presence  of  excess  of  CO*  than  it  is  in  equilibrium  with 
air.  The  actual  values  at  certain  temperatures  are  : 

T09  N.  in  equilibrium  with   pure   (702,  at  atmospheric 

pressure. 
1*48  N.  in  equilibrium  with  air  containing  0*04  per  cent. 

of  <702. 

The  solubilities  are  expressed  in  gram  ions  of  Na 
per  litre. 
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'he  dissolved  NaHC03  in  the  first  case  is  65  per  cent, 
iociated  (lOOa).  Assume  as  usual  that  the  concentration 
the  undissociated  NaHCOs  in  equilibrium  with  the 
d  is  the  same  in  both  cases. 

L)  Find  [HC03]  in  the  first  case,  previously  proving  that 
)"3]  is  small  compared  to  [HCO'a],  also  the  value  of  the 

•ru  -  ,  [Na']  [HCO'al. 

hbrmm  constant      ^J^ 

J)  Assuming  the  validity  of  equation  (4)  at  other 
isures  of  C02  and  a  mean  value  of  a  =  0*6  for  the 
ociations  into  Na'  and  PI  CO' 3  and  C0"3,  find  the 
>unts  of  HCO'3  and  C0"3,  the  total  NaHC03  (=  x)  and 
(703  (=  1*48  —  x)  present  in  any  form,  also  the  volume 
f  C02  (at  N.  T.  P.)  which  was  given  off  during  the 
ijustment  of  equilibrium.  What  is  the  equilibrium 


[NaHCOz] 
Answer     [HCO'd  =  071,  [C0\]  =  0'00043,  K  =  1-33. 

Answer     [HCO's]  =  0'45  [C0"8]  =  0'44  equivalent. 
x  =  NaHCOs  =  075  equivalent. 

ATa2C03  =  073          „  =  6'365  mols. 

4-93  litres  of  C02. 

[M»-][g<7Q'.]  ._ 
[NaHCOs'] 

i  equation  (4),  p.  204,  if  C  =  total  equivalents  of 
WOB  and  Na2COs,  then  aC  =  total  anion  and  aC  — 
9'3  =  C0"s  (equivalents).  Introducing  this  into  (4), 
34,  a  quadratic  equation  is  obtained  which  is  solved  for 
)'3.  From  this  the  values  of 

C0"3,  NaHC03 

Dbtained. 

ach  equivalent  of  C0"3  formed  gives  \  COZ,  since  2 
C0 
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89a.  The  amounts  of  bicarbonate  x  and  carbonate  1  —  x 
in  solutions  which  are  in  contact  with  varying  pressures  of 
(702,  but  not  with  solid  NaHC03,  are  connected  by  a  constant. 

K  =  0-0688 

as  in  equation  (3),  Problem  89.     In  dilute  solutions  [HCO'%] 

=  x ;  [C0"3]  =  i^-5    Hence  show  that  K=j^  (for  #2C03) 

=  5,070  when  #2  =  6  X  10  -  n. 

The  mean  experimental  value  of  K  for  solutions  containing 
O'l  N.  alkali  is  5,290.  Hence  find  the  percentage  of  NaHCOs 
in  such  a  solution  which  is  in  equilibrium  with  air  at  N.  T.  P. 
containing  O'OS  per  cent,  of  C02. 

Answer     100  x  =  39*5  per  cent. 

90.  The  solubility  of  AgCl  is  increased  by  the  addition 
of  ammonia.  This  is  due  to  the  formation  of  a  complex 
(AgCl)m  and  (NHa)m  +  i,  similar  to  those  formed  in  the  dry 
way  by  passing  NHS  over  AgCl. 

The  amounts  of  ammonia  and  silver  chloride  in  the 
solution  are  regulated  by  the  following  equilibria. 

Let  C  be  the  concentration  and  a  the  degree  of  dissocia- 
tion of  the  complex  salt. 

[NH3]  -  +  !  [AgClJ-  =  *iC(l  -  a)     .     (1) 
[CUT  [(Ag)m  (NHs)m  +  J  =  Kf(\  -  a)    .     (2) 
(NH3)m  +  J  =  Ka'aC    (3) 
*[NBd     .  .    (4) 

Prom  (2)  (aC)m  +  l  =  K2  (1  —  a)  0       .     (5) 

•    (6) 

But  [-4^CZ]  and  therefore  [AgCl] m  are  constant  in  the 
presence  of  solid  AgCl. 

*  For  further  values  of  the  constant  and  a  discussion  of  the  carbonate 
equilibrium  see  McCoy,  Amer.  Ckem.  Journ.  (1903)  29,  437,  and  the  author's 
"  Indicators  "  (Constable). 
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tierefore  from  (5)  and  (6) 

[NH9~\m  +  1  =  K1  (I  -  a)  C  =  K"  (aC)m  +  \ 
the  concentration  of  NH3  is  proportional  to  the  con- 
ration  of  the  complex  kation.  This  has  been  shown  to 
he  case,  giving  a  justification  for  the  general  formula 
med  above.  It  remains  therefore  to  determine  the 
e  of  m.  This  may  be  done  by  varying  [Cl],  e.g.,  by 
ng  KCl. 

at  the  degree  of  dissociation  of  the  added  KCl  be  the 
9  as  that  of  the  complex  salt. 

nbstituting    [Ag]    in   equation   (3)   by  means  of    the 
ion: 

[Ag]  X  [Ct]  =  K. 
K'3  aC  =  [^H3]m  +  1    .        .        .   (6a) 


o^  Ci  [KCl  + 


(7) 


tie  total  ammonia  present  may  be  determined  in  the 

kl  manner. 

bis  total  is  made  up  (1)  of    complex  ammonia  (the 

unt  of  which  is  known  from  the  AgCl  dissolved) ;  (2) 

VHiOH;   (3)  of  NHS,  the  concentration  of   which  is 

ired  as  one  of  the  data. 

ae  partial  pressure  of  gaseous  ammonia,  the  concentra- 

of  total  ammonia  dissolved  (excluding  complex)  and  the 

re  mass  [NH3]  are  connected  by  the  following  relation : 


NH3  +  NHiOH~]  (1  +  0-033  [NH3  +  NH4OH])  .    (8) 

rom   the  following  experimental    data,   by  means    of 
itions  (7)  and  (8),  determine : 

)  The  value  of  VK  with  the  various  values  of  m. 
her ef ore  (b)  The  formula  of  the  complex. 
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(c)  The    partial    pressures    of  NHa  over  the 
solutions. 


Total  ammonia* 
0-7522 
0-7497 


AgCl 

0-04758 

0-0333 


KCl 

0 
0-0511 


a 


0-89 
0-86 


All  concentrations 
inmols.  per  1,000 
grams  of  water. 


Answer   (a)  VK  =.  15'87  and  15'33  when  m  =  1. 
66-7     „     49-4       „     m  =  2. 
(6)  AgCl-  2  NH3. 
(c)  8 '5  and  8-9  millimetres. 
Bodlander  (Zeitsch.  physikal  Chem.  (1902),  39,  598). 

91.  It  is  often  possible  to  elucidate  the  equilibrium 
between  a  dissolved  substance  and  its  ions,  by  means  of 
the  distribution  ratio  of  the  undissociated  substance 
between  the  aqueous  and  non-aqueous  solvents. 

Thus  the  equilibrium  between  a  mercuric  halide  HgX\ 
and  the  halogen  ion  X'  with  which  it  forms  complexes  may 
be  represented  by  : 

__ 
' 


[HgX2]  is  found  by  the  distribution  ratio  [Z'J  from  the 
concentration  of  RX,  i.e.,  the  alkali  halide  not  required  to 
form  the  complex  salt. 

In  the  case  of  the  HgCl^KCl  complex  salt  (Sherrill)  a 
considerable  percentage  of  HgCl^  is  present  in  the  free 
state. 

By  altering  the  concentrations  of  the  reacting  substances, 
and  by  trial  of  various  values  of  m  and  n,  those  may  be 
found  which  give  a  constant  product  KI  as  above.  It  was 
thus  determined  that  m  ==  1  and  n  =  2  for  the  concentra- 
tions stated  below. 
Distribution  Ratio. 

An  aqueous  solution  of  HgCl^  (which  is  undissociated) 
containing  0'263  gram  in  a  given  volume,  is  in  equilibrium 

*  The  concentrations  are  expressed  as  mols.  in  1,000  grams  of  water. 
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L  a  benzene  solution,  containing  0*0197  gram   in   the 
e  volume. 

b   a   total  concentration  of  0'25  mol.  KCL  and  0'0665 
HgClz  the  concentration  of  HgCl^  in  Cy/e  was  0*00147. 
ad  at  a  concentration   of   0*125  mol.  KCl  and  0'0384 
HfjCl*  the  HgCk  in  C6HQ  was  0'001671. 
ind  the  value  of  K  above. 

Answer     971  82'58. 

)r,  if  "  C  "  is  the  concentration  of  HgCl%  in  the  complex, 
the  concentration  of  the  free  HgCl%  and  "  a  "  the  total 
nal  concentration  of  the  alkali  halide  : 

C 
m        __  C 


n 


b(a  - 


Distribution  ratio  =  13*4. 
)  C  =  0-0665  -  13*4  X  0*00147  =  0*0468. 
b  =  0*0197. 

a  -  2C  =  0-25  -  2  X  0*0468. 
C  =  0*0160      b  =  0*0224. 
a  -  20  =  0*125  -  2  X  0'0160. 

!.  The  concentration  of  /'  in  a  mixed  solution  of  KI 
Hglz  has  been  found  by  its  influenOe  on  the  catalysis  of 
(Bredig  and  Walton,  Abegg  Handbuch  II,  2,  650). 
e  concentration  of  KI  being  0*03125  gram  molecule, 
of  /',  01094,  and  that  of  Hgh,  0*01315,  find  the 
lest  formula  for  the  complex  salt  by  means  of  the  ratio 

all  the  HgI2  is  present  as  complex. 

ffL 

Answer      -  =  1*54. 
in 

The  formula  of  the  complex  salt  is 
The  anion  is  {(##72)2(/)3}"'. 

mols.  /  in  complex          n 
F 


0. 
Since 


„  T   .  . 

mols.  Hglz  in  complex 


m 
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93.  If  the  reaction  by  means  of  which  the  complex 
(HgX^)m(X)n  anion  is  formed  is  supposed  to  take  place 
between  the  ions  Hg"  and  X',  then  : 

mHg  +  (2m  +  n)Z'^=± 

~ 

Or,  if  C  is  the  concentration  of  Hgl?  (assumed  practically 
all  present  as  complex)  and  a  is  the  total  halogen,  then  : 

O 


T7  __    _      _ 

"  [HgT  (    _  ™\*m  +  n 

V       w  / 
And  for  two  solutions  of  different  compositions  : 


[(HaX*)  (X'}  laf^'li2"1  +  n 


m  m  /  m 


^m  \  m 

The  ratio  of  [Hg"]  may  be  found  from  E.  M.  F.  measure- 
ments as  on  p.  211. 

Bodlander  found  the  values  of  the  constant  mentioned 
above,  first  having  determined  the  values  of  m  and  n. 


Thus  the  E.  M.  F.  of  Hg  I      1  N.  KI 

I  0-00454  Hgh 


IN.KI 
0-00227  HgI9 


was  0-0085  volt.     Find  m. 

Note  that  C2  and  Ci  are  here  small  compared  to  a. 


94.  If  m  =  1  and  n  =  2  the  value  of  ^L  was  found  to 
remain  constant  through  a  considerable  range  of  concen- 

RT 

*  The  value  of  _  0.0    -  is  obtained  from  Problem  12,  p.  17.        See  also 
' 

p.  225. 
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ons.     Thus  a  solution  containing  a  (KI)  =  0*50  and 
f^J2)  =  0*0891  was  found  by  measurement  against  a 
lal  electrode  to  have  \Hg~]  =  3*7  X  10  -  30.     (See 
Bctromotive  Force,"  p.  237.)     t  —  25°. 
mercury  electrode  in  a  solution  with  a  =  0*125  and 
0*0223  was  0*053  volt  positive  to  one  in  the  former 
ion.     Find  the  [Hg"]  in  the  second  solution  and  the 
bant  of  the  complex  formation,  as  in  equation  (1). 
Answer    [Hg~]  =  2*3  X  10  -  28. 
K         =  2'3  X  1080. 
0*0891 


For  K  = 


3*7  X  10  -  30  X  (0'50  -  2  X  0*0891)4 


, 
Ina 

8 


0-0530 


0-0295 
i  =  28-37. 

full  discussion  of  these  and  other  results  may  be  found 
a  article  by  Ley,  Quecksilber  ("  Handbuch  der  Anorg. 
n."  II.  2,  Abegg). 

ition  Equilibrium  and  Temperature. 

>.  Find  the  heat  of  solution  of  COa  at  constant  pressure 
constant  volume,  in  water  at  20°,  if  the  solubility  is 
58  at  20°,  and  the  temperature  coefficient  of  the  solu- 
?  =  —  0*02483  per  1°  rise. 


QP  = 


RT*dC 
dTC 


=  -  4,800. 


idOT. 

^er  +  4,200  cal.  evolved  by  solution  at  constant  volume  ; 

4,800  „         „  „  „        pressure. 

I.  The  heat  of  solution  of  a  slightly  soluble  substance 

be  calculated  from  the  change  of  the  saturation  con- 

-ation  with  temperature,  in  the  same  way  that  the  inner 

of   vaporisation   of  a  condensed  substance  may   be 

.lated  from  the  change  of  concentration  in  the  gaseous 

e  (see  p.  163). 

p  2 
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At  TI  =  273  the  solubility  of  succinic  acid  is  2*88. 
At  T2  =  281'5  the  solubility  of  succinic  acid  is  4'22. 
What  is  the  molecular  heat  of  solution  ? 

Answer     —  6,900  calories  (heat  is  absorbed). 


97.  As  in  the  case  of  the  corresponding  calculation  for  a 
vaporisation  Q  refers  to  the  formation  of  one  effective  gas 
molecule,  as  denned  by  Avogadro's  Law,  so,  for  a  dilute 
solution,  a   simultaneous    determination    of    the  heat  of 
solution  of  a  known  weight  allows  conclusions  to  be  drawn 
as  to  the  dissociation  or  association  of  the  simplest  formula 
molecule.     The  symbol  "i"  has  been  proposed  by  Van't 
Hoff  for  the  number  of  effective  gas  or  dissolved  molecules 
derived  from  1  formula  weight.    (See  p.  134.) 

Thus  in  the  case  of  .^04  dissociated  to  a  degree  of  a 

And  for  a  salt  completely  dissociated  electrolytically  into 
two  ions 

i  =  2. 

98.  The  solubilities  of  oxalic  acid  at  t  =  0°  C.    and 
t  =  10°  C.  are  6'2  and  8'0  respectively. 

Find  "i,"  if  the  heat  of  solution  of  1  gram  at  5°  is  —  91*1 
calories. 

Find  Q  for  1  mol.  in  solution  as  above  in  the  case  of 
succinic  acid,  and  compare  with  the  directly  determined 
value  of  Q  for  1  formula  weight. 

Answer    i  =  1*25 

99.  The  heat  of  solution  of  1  formula  weight  of  HgCk 
at  30°  C.  is  —  2,700  calories.     If  the  solubilities  are  6'57 
and  1T84  at  10°  and  50°,  calculate  the  apparent  value  of 
R  for  1  formula  weight  of  dissolved  HgCk,  and  hence  its 
formula  in  solution. 
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aswer  R  —  2  /.  HgCl*  exists  in  solution  as  simple 
3cules. 

Q  X  (T,  -  r,) 
~  2-303  X  Ti  X  T2  (log  d  -  log  C2)' 

K).  In  the  case  of  Ca(OH)2,  at  fc  =  15°'6  (7i  =  0129 ; 
=  54-4°  (72  =  0-103,  and  the  value  of  i  is  2'59.     What 
e  "  last "  heat  of  solution  of  74  grams  of  slaked  lime  at 
»    (See  pp.  30,  33.) 

Answer     Q  =  +  2,800  calories. 
__  i  'RTiTz     ,      (\ 

V  —  ~7p TfT  •  JOg  7T 

1%  —  li          G! 

)1.  The  solubility  of  BaSO*  at  18'4°  is  1  mol.  in 
55  litres,  and  at  37'7°  is  1  mol.  in  37,282  litres.  What 
e  heat  of  formation  of  1  mol.  of  the  solid  salt  from  its 
? 

Answer     +  5,500  calories. 

Van't  Hoff  (Hollemann). 

ELECTROMOTIVE  FORCE  AND 
CHEMICAL  AFFINITY. 

strical  and  Chemical  Energy. 

ie  electrical  work  of  a  reversible  reaction  occurring  at 
rodes  may  be  substituted  for  A  in  the  fundamental 
,tion  (1) : 

A  -  Q  =  q. 

the  electromotive  force  E  be  measured  in  volts,  the 
itity  of  electricity  in   coulombs,  and  the  amount  of 
lical  action  in   equivalents,  then  for  each  equivalent 
sformed  F  coulombs  of  electricity  pass,  and 
EF  =  q  +  Q 

is  the  decrease  of  chemical  energy  for  each  equivalent 
sformed,  and  may  be  measured  as  the  calorimetric  heat 
red  by  the  chemical  reaction,  carried  out  at  constant 
me. 
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+  Q  is  the  reversible  heat  absorbed.     The  heat  must  of 
course  be  expressed  in  the  same  units  as  EF. 

Substituting  in  the  combined  fundamental  equation 
(1  and  2) 

nEF=q  +  nFT~t       .         .         .     (1) 

q  is  the  heat  of  the  reaction  associated  with  n  faradays. 

A  simple  arrangement  can  be  imagined  and  has  been 
actually  used,  which  permits  of  the  measurement  of  these 
separate  quantities  of  energy.  A  completely  reversible  cell 
is  immersed  in  a  calorimeter,  the  conductor  which  connects 
its  electrodes  being  placed  in  another  calorimeter. 

If  the  circuit  has  a  very  high,  and  in  the  limit  an 
infinite,  resistance,  the  electrical  energy  will  be  completely 
converted  into  heat  in  calorimeter  (2).  The  heat  evolved 
in  (2)  is  +  ^ .  When  the  cell  is  working,  calorimeter  (1) 
loses  or  gains  heat  from  the  cell.  The  loss,  heat  absorbed 
by  the  cell  in  (1)  is  +  Q. 

The  combined  evolution  of  heat  in  the  two  calorimeters 
is  equal  to  +  <?>  an(i  to  the  loss  of  chemical  energy  in  the 
cell. 

Electromotive  Force  and  Concentration. 

The  conception  of  osmotic  pressure  supplies  a  method  of 
representing  the  maximum  work  associated  with  reactions 
in  solutions.  (See  p.  127.) 

Since  the  maximum  work  of  a  given  reaction  must  be 
the  same  in  whatever  energy  units  it  is  obtained,  equations 
may  be  found  which  connect  the  electromotive  force  of  a 
cell  with  the  osmotic  pressures  and  the  concentrations  of 
the  active  molecules. 

Thus,  if  there  are  E  volts  between  two  electrodes  on  open 
circuit,  nF  coulombs  of  current  are  taken  out  of  the  cell 
and  1  ion  is  reduced  from  the  osmotic  pressure  PI  to  Pa- 

nEF  =  RT  log  ^. 
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'he  osmotic  pressures  may  be  expressed  as  the  concentra- 
LS  <7i  and  <7a,  to  which  they  are  proportional ; 

E  =  — 7  log  -~          .         .        (2) 

>re  n  is  the  number  of  faradays  given  or  taken  up  by  the 
in  question  (i.e.,  the  valency). 

•n  of  E. 

f  E  is  the  difference  in  positive  potential  between  the 
;trode  in  C\  and  that  in  <7a  (e\  — e%  below),  then  if  the 
trode  is  one  which  gives  positive  ions  reversibly,  e.g. 
<  >  Ag'  (kation  reversible) ,  E  is  positive  when  C\  >  C2- 
en  the  electrode  is  one  which  gives  negative  ions  rever- 
y,  e.g.  /a  <  >2//  (anion  reversible),  E  is  negative  when 
>  Ca,  and  therefore 

igle  Potential  and  Normal  Potential. 

'he  single  potential  "  e "  is  the  difference  in  positive 
antial  electrode  minus  solution  at  each  electrode.  For 
Ion  reversible  electrodes 

e  =  —  lo    —  (4) 

is  a  constant  for  each  electrode  material,  and  is  con- 
ted  with  its  electrolytic  "  solution  pressure "  PQ.  The 
mtial  e  in  a  solution  normal  with  respect  to  the  ions,  i.e. 
m  C  =  1,  is  called  the  normal  potential. 

RT  '  »g  C0  (5) 


'he  single  potential  in  a  solution  of  any  other  concen- 
iion  is  given  by  the  expression — 

.        .        (6) 
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In  the  case  of  an  anion  reversible  electrode — 

ET  ,       C 


(4a) 


since  the  higher  the  concentration  of  the  ions  C  and 
their  osmotic  pressure  and  the  lower  the  solution  pressure 
corresponding  to  Co  the  lower  is  the  positive  potential  of 
the  electrode. 


The  normal  potential  eQ  =  —  -  log  C0  .         .         (5a) 
and 


The  normal  potentials  given  in  the  table,  p.  218,  are  not 
absolute  potentials  electrode  minus  solution,  but  are  referred 
to  the  normal  H%Pt,  hydrogen  electrode  as  zero. 

The  total  potential  of  a  cell  can  be  obtained  from  the 
single  potentials  e  and  the  ionic  concentrations  of  the  two 
halves.  Thus  when  the  cell  has  two  kation  reversible 
electrodes  of  different  kinds,  KI  and  K%, 

T5/T7      /-|  I 

E  =  el  —  ea  =  i«o  —  2e0  +  -j-  ^—  log  CKl  -  —  log  CjJ 

(7) 
In  the  case  of  two  anion  reversible  electrodes  — 

7?T7  /I  1 


E  =  ei  -  e2  =  i0o  -  2*0  --  jr   —  log  C^2  ~  —  log 


(8) 
In  the  case  of  one  kation  and  one  anion  reversible  electrode, 


-\  ~\ 

=  eK-eA=QeK-  0eA  +  ^~-  log  CK  +  -log 

(9) 
Diffusion  Potential. 

There  is  in  general  a  diffusion  potential  at  the  contact  of 
the  two  solutions  Ci  and  <72  in  the  two  halves  of  the  cell. 
If  ed  is  the  positive  potential  of  the  more  dilute  solution  (7? 
minus  the  positive  potential  of  the  more  concentrated  solution 
Ci,  then  for  a  binary  electrolyte  such  as  AgNOs 
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~Dnp          f\          i  j         j^nn  /t 

£IJL     ,         Ul  ijr  —  LA        £\>±    ,  t/i       /- rv\ 

.  —  log  £-  or  *       *  .  -y  log  ^  .  (10) 


3  table  on  p.  160.)  The  weaker  solution  always  has 
charge  of  the  more  mobile  ion.  Thus,  since  C\  >  C2, 
3  positive  when  UK>  UA,  and  rice  versa. 

>  expression  — 

=  2  ^  -  1  or  1  -  2iu  (see  p.  159).        (11) 


UA 


diffusion  potential  1  —  2  ^  -^-  log  ^ 


(12) 


jt  be  subtracted  from  J£  =  e\  —  6%,  since  when  ed 
iker  solution  minus  stronger  solution)  is  positive  it 
oses  e\  —  e<2,  considered  as  positive,  strong  solution  minus 
k  solution.  Therefore  the  E.  M.  F.  of  a  cell  with  diffu- 
L  potential  is  given  by — 

ET ,      C, 


E  =  ei  —  ez  —  ed  = 


(13) 


dation  and  Reduction  Potentials. 

iesides  the  conversion  of  elements  into  ions,  and  vice 
a,  many  other  oxidation,  reduction  processes  can  be 
le  to  take  place  reversibly  at  unattackable  electrodes,  e.g. 
latinum. 

t  C+  are  the  concentrations  of  those  oxidising  ions  which 
1  to  charge  the  electrode  positively  and  (7_  are  the 
jentrations  of  the  reducing  ions,  e.g. 

Fe'" >  PC"  +  0,  Sn» >  Sn—  +  20 

also   2n  log  C  =  m  log  C+i  .  .  .  —  n'i  log  C'i  .  .  . ; 

T>nri 

i  e  =  -^  (Sn  log  C  —  log  K)          .     (14) 

og  K  is  given  by  the  value  of  e  when  C+i,  etc.,  are  all 
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equal  to  1.     The  normal  single  potential  of  the  oxidation 


e°  = 


K 
ET 


Also  e  =  e0  +  -=•  (S»  log  C+  -  2n  log  CL) 
fir 


•  (15) 

•  (16) 


Affinity  and  Electromotive  Force, 

The  affinity  of  a  whole  reaction  taking  place  reversibly  at 
electrodes  and  giving  n  faradays  is  equal  to  nEF  joules. 
The  affinity  or  maximum  work  at  constant  volume  may 
also  be  defined  in  terms  of  the  original  and  equilibrium 
concentrations.  (See  p.  127.) 

Thus  A  =  nEF  =  ET  (2»  log  C  -  ET  log  Kc) 


So  also  E  = 


logna,  C  -  log  nat.  K) 


log  C  —  log  K)  at  18 


log  C  of  the  reacting  molecules,  atoms,  ions,  being  taken  as 
positive  both  in  2n  log  C  and  in  K.  Example,  Problem  72, 
p.  247. 

List  of  Normal  Potentials. 

(Abhandl.  d.  Deutsch.  Bunsen  Gesellschaft,  1911,  5.) 
The  less  accurate  values  are  marked  with  an  asterisk. 


Kation  formation. 

K    >  K-     —  3-2* 

JVa  >  Na-   —  2-8* 

Un *  Mg-  —  1-56 

_>  Zn-  -  0-76 
_>  Fe-  -  0-43 
->  Cd 


Zn 
Fe 
Cd 
Tl 
Co 
Ni 
Pb 
Sn 
H, 
Cu 


Au 


Co- 


Cu- 


Au- 


0-40 

—  0-32 

—  0-29 

—  0-22 

—  0-12 

—  0-10 
T  0-00 
+  0-34 
+  0-80 
-f  0-86 
+  1-5* 


Anion  discharge. 
S"      >  S  (solid)        —  0-55 

21'     >  ll (solid)  2     +  0-54 

ZBr'  »  2£r  (liquid)  -f  1-08 

2CI'   >  CT2  (gas)        +  1-35 

22^     >  ^a  (gas)         -f-  1-9* 
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Oxidations. 


H*  +  2  OH' 
2H*0 
Or-  -f- 
Mn~  +  S 
Pb-  -f  2 
MnO*  4- 
Or  4-  # 


#a        4- 
H0r0t  + 


PbO* 

Jtf7» 

09 


—  0-82 
4-  1-23 
+  1-3 
+  1-35 
+  1-44 
+  1-63 
+  1-9 


Cu- 


Change  of  Valency,  Ionic  Charge 


Otr 


Ft 

Eg* 
n- 
Co- 
Pb 


Fe 


Tl- 
Co- 
Pb 


0-17 

0-40* 

0-75 

092 

124 

1-8 

1-8* 


PROBLEMS. 
Electrical  and  Chemical  Energy. 

1.  A  cell  containing   concentrated    aqueous  HCl  with 
orine  and  hydrogen  electrodes,  when  allowed  to  work  in 
;alorinieter  absorbed  509   calories  during  the  passage 
2F. 

["he  energy  produced  in  the  external  circuit  was  equivalent 
22,509  calories.  What  is  the  chemical  energy  (change  of 
rinsic  energy  q)  of  the  formation  of  2  HCl  under  these 
iditions  ? 

Dolezalek. 
Answer      q  =  +  22,000  calories. 

2.  The  cell  Ag  AgBr  /  Zn  Br*  25  H^O  /  Zn  allows  the 
3mical  process — 

2  AgBr  +  Zn  +  aq »  2  Ag  +  Zn  Br^aq 

take  place  reversibly.  The  value  of  E  at  0°  is  0*841,  and 
3  heat  of  the  chemical  reaction  is  39,940  cal.  Find  the 
at  equivalent  of  the  electrical  energy  produced  by  the 
ution  of  1  gram  atom  of  zinc,  the  latent  heat  of  the  cell 

and  hence  an  approximate  value  of  —rr  to  compare  with 

it  observed,  i.e.,  1*06  X  10  - 4  volts  per  1°. 

Answer    A  =  nEF  =  38,800  cal. 
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Q  =  —  1,140  cal.  absorbed;    i.e.,  this  heat  is  evolve 

t\  f? 
j£-=s    -   9-05    X    10~5  nEF  =  0'841    X   2   mayers 

0-841  X  2  X  23,070  cal.    Q  =  A  —  q  =  38,800  -  39,940. 
dE        Q  (joules)  _.   4185  X  -  1,140 
dt  '     96,540  nT       96,540  X  2  X  273  V 

2a.  Show  that  when  q,  the  heat  of  the  reaction  occurring 
in  the  cell  on  the  passage  of  1  F9  is  expressed  in  mayei 

JTJI  TT   —      O 

then  -j—  =  —  rr,  v*    If  the  E.  M.  F.  of  the  combinatioi 

Ag  AgCl  /  2nC72  +  25  H*0  /  2rc  is  0*974  volt,  and  the  heat 
of  the  reaction  2n  +  2  Ag-  =  2?i"  +  2  Ag  is  46,896  cal. 

AT? 

at  0°  C.,  what  is  the  value  of  -4-  ?    ' 

dt 

7  TjJ 

If  the  experimental  value  of  -  -  is  2*05  X  10  -4,  find  the 

ctt 

heat  evolved  when  1  F  is  taken  from  the  cell. 

JTjl 

Answer     ^  =  1-55  X  10  "  4    Q  =  1,300  cal. 

From  the  equation  (1),  p.  214, 

1 
E       E  —  n 


where  q  is  the  heat  of  the  above  reaction. 
Hence  q  for  1  F  =  g  ^6  =  1O164  mayers. 

dE  __  0-974  -  1-0164 
'   dt   '  273 

3.  The  E.  M.  F.  of  the  dilute  Daniell  cell  at  0°  C.  is  1-0962 
volts. 

The  heat  of  replacement  of  Cu  by  Zn  (1  gram  atom)  in 
dilute  CuSO*  is  50,  110  calories  (decrease  of  chemical  energy  q). 
Find  the  heat  absorbed  or  evolved  by  the  cell  during  the 
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assage  of  2  F,  and  compare  it  with  the  reversible  heat  Q 
a  deduced  by  the  temperature  coefficient  of  E.  M.  F.  =  + 
•000034  volt  per  degree. 

Answer    465  calories  absorbed. 
428        „ 

Q  =  EF  -  q,  and  Q  =  FT  ^. 

Jahn  (Wied.  Ann.  28,  21—43,  etc.). 

4.  An  accumulator  containing  H^SOi  of  density  1153  is 
>und  to  have  a  temperature  coefficient  of  +  03345  at  0°  C. 

How  much  heat  (in  joules)  is  absorbed  or  evolved  when 
coulomb  is  taken  from  the  cell  ? 

Answer    Q  =  0*0942  joule  absorbed. 
What  is  the  relation  between  the  electrical  work  and  the 
>ss  of  chemical  energy  ?    E  —  1*95. 

Answer    The  former  is  105  per  cent,  of  the  latter. 

5.  Show  that  the  association  of  a  positive  temperature 
Qefficient  with  a  positive  latent  heat  (+  Q  =  heat  absorbed) 
)llows  from  the  principle  of  mobile  equilibrium  (p.  49). 

6.  Irreversible  heat  is  always  generated  in  the  cell  by 
hmic  resistance    and    diffusional  changes,  when  current 
asses.     This  increases  the  observed  reversible  heat  Q  when 
tie  latter  is  negative  and  decreases  it  when  it  is  positive 
iccording  to  the  convention  +  Q  =  heat  absorbed). 

Streintz  measured  the  reversible  heat  of  a  lead  accumulator 
y  allowing  it  to  work  in  a  calorimeter  at  0°.  The  charging 
nd  discharging  current  was  O'lOO  ampere.  The  heat 
eveloped  in  the  calorimeter  was  0*004  joule  per  second 
uring  discharge,  0'0228  during  charge.  Find  the  reversible 
.eat  of  reaction  per  coulomb  passing,  and  the  temperature 
oefficient  of  electromotive  force. 

Answer     Q  =  0'094  joule. 

^  =  +  0-00034. 
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The  net  heat  effects  (evolved)  during  the  charge  and 
discharge  are  PR  +  QI  and  PR  —  QI. 

The  internal  resistance  of  the  cell  is  assumed  to  be 
constant.  For  a  fuller  account  of  the  cause  of  the  irreversible 
heat  effect,  see  Problem  74,  p.  248. 

Dolezalek  ("  Lead  Accumulator,"  p.  33). 

7.  "When  48,270  coulombs  were  taken  from  a  cell,  the  heat 
absorbed,  corrected  for  resistance  heating,  was  found  to  be 
1,153  calories  at  17°  C. 

dE 
Find  -j- in  millivolts  per  degree. 

Answer     +  0'345. 

8.  The  E.  M.  F.  of  the  combination : 

Hg,  HgCl  \  KCl  \  KN03  \  KOH  \  Hg*0  \  Hg 
is  0*1483   volt  at   18*5°;    the    temperature  coefficient    is 
+  8*37  X  10~4  volts  per  degree;   what  is  the  heat  of  the 
reaction : 

HgCl  +  KOH  =  I  HgsO  +  i  H£>  +  KCl 
which  occurs  in  the  cell  ? 

Answer    —  2,205  calories. 

Bugarsky  (Zeitsch.  anorg.  Chem.  (1897),  14,  145). 
(See  also  Donnan  and  Allmand,  Journ.  Chem.  Soc.  (1911), 
99,  845.) 

9.  The    temperature    coefficient    of    E.    M.   F.    of   an 
accumulator  containing  78  mols.  of  H^O  to  1  mol.  of  H^SOi 
is  zero.     What  is  the  electromotive  force  ? 

P602  +  HzSOt  +  2  H '  +  2  0  =  PbSOi  +  2  H<>0 

Pb  +  SO,"  =  PbSOi  +  20. 

One  molecule  of  H^SOi  disappears  for  each  faraday 
produced. 

Answer    E  =  1*86  volts. 
(See  Problems  8,  9,  p.  25,) 

Dolezalek  ("Lead  Accumulator"). 
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10.  An    accumulator    containing    acid    of   density  1*15 
^SOt  +  21  per  cent.)  has  a  temperature  coefficient  -r-  = 

0-4  X  10  ~3,  and  an  E.  M.  F.  of  1-96  volts  at  17°  C. 
Find  the  loss  of  chemical  energy  q,  the  latent  heat  Q  and 
3  loss  of  free  energy  A,  when  1  coulomb  is  taken  from  the 
1  (neglecting  the  energy  spent  in  overcoming  the  internal 
sistance  of  the  cell). 

Answer    q  =  1'844  \ 

Q  =  0*116  (absorbed)  [all  in  joules. 
A  =  1-96  ) 

(See  last  Problem.) 
Does  the  energy  q  appear  as  heat  ? 

11.  The  E.  M.  F.  of  the  Cd  normal  cell  is  1'0184  at  18°, 
d  the  temperature  coefficient  —3-  is  -  0*04350  volt  per 

gree.  What  is  the  heat  of  the  total  reaction  for  each 
im  atom  of  cadmium  dissolved  ? 

Answer     198,600  joules. 

12.  The  reaction  in  the  Clark  cell : 

i  +  ^^ZnSOi  a  'H20  +  PIg*SOi  =  2  Hg  +  ^- 
1804,  +  1  H<£>)  evolves  343,500  joules.    What  is  the 

7  J7T 

:ue  of  -77  if  E  =  1-4291  at  18°  C.  ? 
at 

dE 

Answer     -j~  =  — •  0'0012. 
at 

13.  Consider  two  accumulators  kept  at  0°  C.,  containing 
35-26  per  cent,  of  H2SOi,  (2)  64'5  per  cent,  of  #2S04. 

The  total  reaction  which  occurs  during  discharge  may  be 
rided  into  two  parts :  (1)  the  withdrawal  of  H^SO*  and 
3  addition  of  #2#  (evolving  qi,q*  calories) ;  (2)  the  chemical 
iction  symbolised  in  the  equations  of  Problem  9,  p.  24 
rolving  q  calories). 
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The  heat  evolution  q  is  supposed  to  be  the  same  in  the 
two  cells. 

If  the  two  cells  are  coupled  in  opposition  (the  peroxide 
plates  being  directly  connected)  the  cell  containing  the 
stronger  acid  will  discharge  through  the  other,  and  the  net 
E.  M.  F.  of  the  combination  may  be  found  from  the 
equations : 


•".Ji ^a          I          vj  ,  .  ,,.„ 

The  amounts  of  heat  corresponding  to  the  withdrawal 
and  addition  of  HySOt  and  water  may  be  calculated  as  in 
Problem  22,  p.  82. 

14.  What  is  the  net  electromotive  force  of  the  above  com- 
bination, assuming  the  latent  heats  of  the  cell  reactions  to 
be  zero  ? 

Answer     &E  =  0*304  volt. 

15.  Actually,  the  temperature  coefficient  of  the  weaker 
cell  is  +  0*11,  and  that  of  the  stronger  +  0'04  millivolt 
per  degree.    What  is  the  corrected  value  of  the  electro- 
motive force  ? 

Answer     &E  =  0'284  volt. 

Dolezalek  ("  Lead  Accumulator"). 

16.  The  relation  between  the  concentration  of  acid  (in 
gram  molecules  per  litre)  and  E  of  a  Pb,  PbO%  cell  is  given 
by  the  simplified  expression  : 

E  =  1-92  +  0-15  log  C. 
The  expression  is  valid  for  dilute  acids  (<  5  N.)  at  18°  C. 

Hence  deduce  a  formula  connecting  -^ —  millivolts  (per 

ctt 

degree),  and  C  for  cells  containing  dilute  acid. 

dE 
Answer    -7-  =  0*52  log  C  -\-  constant. 

(MI 
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dE       E  a 

Por  ~di  ='-^F~  23070"  where  q  =  heat  for  1  F- 
e  value  of  q  has  been  found  in  Problem  8,  p.  25. 

J  Tfl 

17.  What  is  the  value  of  -j-  when  the  acid  is  of  normal 

at 

icentration,  also  the  constant  in  the  formula  ? 

7ET 

Answer    -=-  =  constant  =  +  0'15. 


.8.  Find  also  the  temperature  coefficient  for  a  cell  con- 
ling  N/10  acid. 

TTjl 

Answer  -=-  =  —  0'37  millivolt  per  degree. 
>ctromotive  Force  and  Concentration. 

73  rri 

.9.  The  numerical  values  of  -     .  2'803  in  equations  (2), 


,  p.  215  seq.,  have  been  already  partly  worked  out  in 
blem  12,   p.  17.      Further   verify   that  ^  .  2-303  = 

jT 

;1983  T  volts  =  0-0542  (at  0°  C.)  =  0'0578  (at  18°)  = 
591  (at  25°). 

;0.  A  concentration  cell  is  made  up  with  silver  electrodes 

aersed  in  decinormal   and   centinormal   silver  nitrate 

itions. 

^hat  is  the    electromotive   force    of    the  cell   at  20°, 

)ring  the  diffusion  E.  M.  F.  at  the  contact  of  the  two 

itions,  and  using  the  equation  (2),  p.  215  ? 

Answer    E  =  0'058  volt. 
a  equation  (5),  p.  215,  assuming  the  complete  ionisation 

he  two  solutions  7^  =  10,  and  also  n  =  1,  the  sign  of 
Ca 

=  ei  —  63  is  given  by  equation  (7),  p.  216.      The  single 
.c. 
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positive  potential  \eK  electrode  minus  solution  in  the  more 
concentrated  Ag'  solution  Ci  is  higher  than  that  in  the 
more  dilute  solution  C2. 

21.  What  is  the  electromotive  force  at  18°  of  the  cell 
described  above  when  the  ionic  migration  across  the  surface 
of  separation  of  thQAgN03  solutions  is  taken  into  account! 

(See  equations  (4)  or  (10),  pp.  215,  217.) 

TT> 

The  value  of  ^  log  is  given  on  the  last  page,  and  the 
jj 

transport  number  VA  of  the  anion  in  AgNO$  is  0'527. 
Answer    E  =  0*061  volt. 

22.  According  to  the  theory  of  solution  pressure  (Nernst), 
the  osmotic  work  obtainable  from  a  cell  of  this  kind  depends 
rather  upon  the  ionic  than  upon  the  total  salt  concentra- 
tions. 

The  degree  of  dissociation  of  the  decinormal  silver 
nitrate  is  0'872;  that  of  the  centinormal  may  be  taken 
as  1-0. 

What  difference  will  this  correction  make  in  the  calculated 
E.  M.  F.  ? 


Answer    E  =         .  2  VA  log 
nKF 

=  0-0576  volt. 

23.  Of  what  magnitude  and  in  what  direction  is  the 
diffusion  potential  at  the  surface  of  contact  between  O'Ol 
normal  and  O'OOl  normal  HCl  at  18°  ?  Assume  complete 
dissociation  and  use  equation  (10),  p.  217  (see  Tables,  pp.  159 
and  160). 

The  value  of  ~^—.  —  A  is  taken  as  that  which  prevails  at 
UK  +  u 

complete  dissociation. 

Answer    E  =  0'038  volt. 
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klake  a  diagram  similar  to  that  given  below. 

54.  From  the  mean  ionic  conductivities  1A  and  1K  of  Ag* 
I  NO'z  between  the  concentrations  0'005  and  0*10  normal 
3  Table,  p.  160),  calculate  the  sign  and  magnitude  of  the 
'usion  E.  M.  F.  at  the  junction  of^the  two  solutions. 
Por  the  concentrations  Ci  and  (72  of  equation  (10),  p.  217, 
>stitute  the  ionic  concentrations  ajC^  and  a^C* 
Answer     E  =  0'0043  volt. 


Fig.  12. 

Dhe  weaker  solution  is  negative. 

55.  An  electrode  reversible  with  respect  to    hydrogen 
s  may  be  made  by  passing  Z72  gas  over  the  surface  of  a 
ladium  or  platinised  platinum  electrode,  dipping  in  acid. 
}h  an  electrode  is  analogous  in  its  action  to  the  Ag  elec- 
ie  already  considered,  provided  that  the  hydrogen  solution 
ssure  (see  p.  215)  is  the  same  at  the  two  electrodes. 
»Vhat  would  be  the  E.  M.  F.  of  a  O'l,  0*01  normal  HCl 
Pt  cell,  the  former  acid  being  dissociated  to  91  and  the 
;er  to  96  per  cent.  (Smale)  at  15°  .  VA  =  0*172  ? 
Che  two  halves  are  connected  (1)  by  a  O'Ol  normal  solu- 

Q  2 
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tion  of  HCl ;  (2)  by  a  concentrated  solution  o!  ammoniui 
nitrate,  which  eliminates  the  diffusion  E.  M.  F. 
Abeggand  Gumming  (Trans.  Far.  Soc.  (1906—1907),  2, 213 
Answer    E  =  0'019  volt. 

=  0-056     „ 
(See  equation  (4).) 

26-  The  combination  : 

Eg  |  Hg&l*  (solid)  01  HCl  \  O'Ol  HCl  Hg£k  (solid)  |  He 
is  reversible  with  respect  to  chlorine  ions.  When  a  currer 
is  taken  from  the  cell  chlorine  ions  are  'discharged  as  calorru 
by  uniting  with  mercury  which  forms  ions  from  the  mete 
of  the  negative  pole,  and  are  formed  from  calomel  and  the 
discharged  as  metallic  mercury  at  the  positive  pole.  Equa 
tion  (8),  p.  215,  may  be  applied,  writing  for  Cb  etc 

cud,  etc.  =  **  + **',(?!,  etc. 
•"H-  ~r  UGI 

If  Ci  is  <  Ca  the  potential  found  in  this  way  will  be  nega 
tive,  since  ^  of  e  electrode  in  the  more  concentrated  solutio] 
Ci  is  now  lower  than  e*  in  Ca. 

The  sign  of  the  electrodes  depends  on  the  mercurou 
ion  concentration  by  the  theory  of  solution  pressure,  bu 
this  is  connected  with  the  chlorine  ion  concentration  by  th 
solubility  product  (equation,  see  p.  162).  The  mercurou 
ion  concentration  will  be  the  higher  in  that  half  in  whid 
the  chlorine  ion  concentration  is  the  lower. 

What  is  the  theoretical  E.  M.  F.  of  such  a  combinatioi 
if  the  diffusion  potential  ed  is  eliminated  ? 

Answer    E  fa  —  e{)  =  0-057  volt  at  18°. 

27.  What  is  the  theoretical  E.  M.  F.  when  ed  is  no 
eliminated  ? 

Answer    E  =  0*096  volt. 

The  weaker  solution  of  HCl  at  the  surface  of  separatior 
is  positive  to  the  stronger,  so  that  ed  increases  e^  —  e\. 


PEOBLEMS   IN  PHYSICAL   CHEMISTEY     229 

In  applying'equation  (10),  p.  217,  the  ionic  conductivities 
1A  and  1A  of  H-  and  Clr  may  be  taken  as  the  means  of  lRl 

and  IK^  and  of  lAl  and  1A   at  the  two  concentrations  C\  and 

ct. 

28.  What  is  the  E.  M.  F.  of  the  mercury-calomel  con- 
centration chain  as   above  if  KCl  of  the   concentrations 
Ci   =   0125  and  Ca   =    0*0125    is    substituted    for    the 
HCl  (IS0)? 

(VK  of  K  in  KCl  =  0-49). 

Answer    E  =  0*0547. 

29.  What  is  the  calculated  E.  M.  F.  of  a  cell  consisting 
of  hydrogen  electrodes  in  0*01  and  0*001  normal  acetic  acid 
at  17°  (with  diffusion  potential),  the  ionic  conductivities 
being  1A  =  31*5,  1K  =  312 ;  K  for  HA   =  I'S  X  10~5  (see 
Problem  24,  p.  171,  and  p.  217)? 

Answer    E  =  0*0053  volt. 

30.  The  diffusion  E.  M.  F.  at  the  surface  of  separation 
of  two  binary  electrolytes  of  the  same  total  concentration, 
with  ionic  conductivities  1K,  1A  ;  l'Kt  l'A  is  given  by  Planck's 
formula : 

RT  ,      1K  +  l'A 

e*  =   -ZW  108  f    JL  I    ' 

**       » r  T  (j 

From  the  following  values  of  lAt  etc.,  calculate  ed  for  the 
combinations : 

HCl  |  KCl;  HCl  \  NaCl;  KCl  \  NaCl. 

K  =  52    Na  =  82    H  =  272     Cl  =  54. 

Answer     ed  =  0*0282,  0*0334,  0*0052  volt  at  18°. 

31.  A  cell  is  made  up  with  electrodes  of  amalgams  con- 
fcaining  different  concentrations  C\t  C*2  of  the  same  metal, 
dissolved  in  Hg.     The  electrolyte  is  a  salt  of  the  dissolved 
metal.     The  expression  for  the  maximum   osmotic  work 
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obtainable  when  one  mol  of  tbe  dissolved  metal  is  trans- 
ported from  Ci  to  C*2  by  osmotic  mechanism  in  the  amalgams 

This  is  equal  to  the  electrical  work  nEF 


/t 
is  RT  log  771. 


Cu 

t 

Ci 

C2 

17'3 

17-3 

0-033874 

0'049587 

20-8 

20-8 

0-034472 

0-0316645 

Na 

20-2 

0'033325 

0-04953 

for  the  transport  of  one  amalgam  mol  =  n  electrochemical 
equivalents.  Thus  n  is  obtained.  Hence  find  the  mole- 
cular weight  (M)  of  Cu  and  Na  in  their  amalgams  from  the 
following : 

E 

0-01815 

0-0124 

0-0327 

The  electrolytes  were  solutions  of  cupric  and  sodium  salts. 
Answer     M  =  61  and  65*5  (Cu) 
=  22-2  (Na). 

XT  L    LI.  j.  1       M      Equivalent  weight 

Note  that  -  =  —  =  -* ^ ^— . 

n        n  M 

M 

32.  The  maximum  work  of  gas  reactions  varies  accord- 
ing to  the  arbitrary  partial  pressures  of  the  reactants  and 
resultants  before  and  after  the  reaction.  (See  p.  127.) 
Actually  these  are  generally  defined  by  the  conditions  of 
the  experiment. 

So,  also,  if  the  combination  can  be  effected  reversibly  by 
means  of  a  gas  cell,  the  maximum  work,  and  therefore  the 
electromotive  force,  varies  with  the  partial  pressures  of  the 
reacting  gases  at  the  electrodes. 

A  reversible  chlorine  electrode  can  be  made  by  saturating 
platinised  platinum  with  chlorine  at  atmospheric  pressure. 

A  cell  (1)  containing  a  hydrogen  electrode  and  a  chlorine 
electrode  of  this  type  with  the  gases  at  a  pressure  of 
1  atmosphere  is  set  in  opposition  to  a  similar  cell  (2),  in 
which  the  hydrogen  and  chlorine  are  each  mixed  with 
50  per  cent,  by  volume  of  an  indifferent  gas. 
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How  much  of  each  gas  will  pass  from  the  higher  to  the 
ower  pressure  when  1  F  is  taken  from  the  combination  ? 

If  the  hydrochloric  acid  concentration  is  the  same  in 
lach  cell,  determine  the  direction  of  the  current  and  the 
nagnitude  of  the  electromotive  force. 

Answer  Positive  current  will  flow  from  H%  (2)  to  Ha  (1) 
in  the  outside  circuit.  E  =  0'0175  volt. 

33.  What  is  the  E.  M,  F.  between  two  H2Pt  electrodes  in 
he  same  acid  and  saturated  at  pH^  =  1*0  atm.  and  0*6  atm. 
espectively  (18°)  ? 

Answer    0*0087  volt. 

34.  What  percentage  difference  in  the  H^  pressure  at  the 
electrodes  will  make  a  difference  of  1  millivolt  in  E  ? 

Answer     8  per  cent,  difference  in^#2. 

35.  The  E.  M.  F.  of  the  combination — 

H*Pt    |    O'Ol  HCl    |    O'l  Net*  HPOi    \    H^Pt 
s  G'398  volt  without  diffusion.      Calculate  (If*)  of  the  phos- 
)hate  solution. 

Answer    (#*)  =  1*8  X  10 ~9- 

36.  Two  hydrogen,  chlorine  cells  are  made  up  according 
;o  the  following  specifications. 

The  electrodes  are  of  platinum  saturated  with  pure 
lydrogen  and  chlorine,  each  at  a  total  pressure  of  1 
itmosphere.  (See  Problem  25,  p.  227.) 

The  electrolyte  in  cell  (1)  is  11*62  N.  HCl,  that  in  cell  (2) 
5  N.  HCl. 

The  partial  pressures  of  hydrochloric  acid  gas  orer 
aqueous  acids  of  these  concentrations  have  been  found  to  be 
189  and  0*245  millimetres,  respectively. 

The  cells  are  connected  in  opposition  to  one  another  at 
30°  C. 

Prove  that  the  electromotive  force  of  the  combination 
3an  be  calculated  from  a  combined  knowledge  of  the  vapour 
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pressures  of  HCl  and  of  the  partial  pressures  of  the 
electrode  gases. 

What  is  the  numerical  value  of  the  total  net  electro- 
motive force,  and  of  the  parts  into  which  it  may  be  divided  ? 
The  parts  are  the  maximum  work  due  to  the  expansion  of 
the  HCl  gas,  and  that  due  to  the  expansion  of  the  electrode 
gases. 

If  b  is  the  barometric  pressure,  an  equation  will  be  obtained 
of  the  form  : 


b  —  p 

Answer    E  (total)  =  0-181  volt. 

El  (HCl  gas)      =  0-174    „ 
Ei  (H^  and  Ck)  =  0'007    „ 

Dolezalek  (Zeitsch.  physikal  Chem.  (1898),  26,  83). 

Single  Potential  and  Decomposition  Voltage. 

37.  The  E.  M.  F.  of  the  combination  : 

H*Pt  |  N.HCl  |  N.HCl  |  HgClHg 
was  found  to  be  O289  (CEH).  The  single  potential  of  the 
normal  HCl  calomel  electrode  is  O'OOl  volt  less  than  that 
of  the  normal  KCl  calomel  electrode.  If  the  degree  of 
dissociation  of  HCl  is  0'78,  find  the  potential  of  the 
calomel  electrode  against  a  normal  ionic  hydrogen  electrode 
taken  as  0  (cE0). 

Answer     +  0'284  volt. 


M  =  CEO  —  ^p  log 

Wilsmore  (Zeitsch.  physikal  Chem.,  35,  302> 
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38.  Prove,  by  reference  to  the  Table  (p.  218),  and  other- 
wise, that  the  higher  the  positive  potential  of  a  kation,  the 
greater  is  its  tendency  to  come  out  of  solution,  and  the 
higher  the  positive  potential  of  an  anion  the  greater  its 
tendency  to  go  into  solution. 

The  evidence  of  the  dropping  electrode  tends  to  prove 
that  the  absolute  single  potential  of  the  normal  KCl  calomel 
electrode  is  +  0*56  volt  (electrode  positive)  (Ostwald, 
Paschen). 

Palmaer  (Zeitsch.  physikal  Chem.  (1899),  28,  259). 
(Zeitsch.  Elektrochem.  (1908),  9,  754). 

From  the  data  of  the  last  problem,  find  the  absolute 
potential  of  the  normal  hydrogen  electrode  against  its 
solution. 

Answer     +  0*277  volt. 

Draw  a  diagram  (similar  to  that  in  Problem  24,  p.  227), 
illustrating  these  steps  of  potential. 

39.  Draw  a  diagram  to  scale,  illustrating  the  effects  of 
ten-fold   dilution    on  the  single  potentials  of  copper  and 
zinc  in  solutions  of  their  respective  ions. 

(See  Table,  p.  218,  and  equation  (6),  p.  215.) 

40.  What  is  the  theoretical  E.  M.  F.  (ignoring  diffusion 
potential)  of  a  Daniell  cell  containing  ZnSO^  and  CuSOt 
normal  with  respect  to  Zn"  and  Cu"? 

The  copper  solution  is  diluted  until  it  is  0*01  normal 
with  respect  to  Cu",  the  ZnSO*  solution  until  it  is  0*1 
normal  with  respect  to  Zn.  What  is  the  new  E.  M.  F.  at 
18°? 

Answer    E  =  1*100  and  1*071. 

Show  that  the  change  of  E.  M.  F.  would  be  the  same,  if 
the  ZnSOi  alone  were  diluted  to  the  extent  mentioned 
above. 
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41.  If  ZnSOt  is  11*4  per    cent,  dissociated  in  normal 
solution,   what  is  the  single  potential  of  Zn  against  this 
solution  ? 

Hence  E  —  —  0'79     Answer. 

Foerster  ("  Elektrochemie  Wassriger  Losungen  "). 

42.  What  must  be  the  concentration  of  jBr',  in  order 
that  C72  should  be  liberated  alone  at  the  anode  from  a  well- 
stirred  mixture  of  aqueous  HBr  and  HCl,  containing  the 
latter  acid  in  decinormal  ionic  concentration  ? 

Note  the  sign  of  the  concentration  term  in  the  expression 
for  anion  potentials,  (6a),  p.  216. 

Answer     CBr  =  2  X  10  - 6 

ecl    =  1-35  —  0-058  log  C. 

What  is  the  difference  between  the  potential  required  to 
separate  Cu,  and  that  required  to  separate  Ag  from : 
(1)  A  decinormal,  (2)  a  centinormal  solution  of  the  two  ions 
at  18°? 

Answer  The  Cu  requires  a  higher  E.  M.  F.  by  0'431 
volt,  in  the  first,  and  0'402  volt,  in  the  second  case. 

43.  The  electromotive  force  of  a  concentration  chain  : 

Zn    |    ZnBr*    \    AgBr    \    Ag 

was  found  to  be  +  0'839  volt  (without  diffusion  potential). 
The  concentration    of   the  ZnBr^  was  4  mols.  to  the 
litre ;  the  degree  of  dissociation  10'5  per  cent. 

The  concentration  of  the  bromine  ions  in  the  silver  half 
was  5-3  X  10  ~  3. 

What  is  the  difference  between  the  normal  potentials  of 
Ag  and  Zn  ? 

Answer     T536  volts. 

Measurements     of     Jahn,     Wright,     Thompson.      See 
Wilsmore  (loc.  cit.,  p.  254). 
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44.  The  cell: 

Ag  |  O'l  N.AgNOQ  \  1/0  N.  KCl  \  AgClAg 
as  an   electromotive  force  of  O52  volt  (without  diffusion 
1.  M.  F.)  at  18°. 

Assuming  complete  dissociation  of  the  AgNOa  and  KCl, 
nd  the  solubility  of  AgCl  in  mols.  per  litre. 
Answer     CAgCi  =  1  X  10  ~  5. 

After  the  concentration  of  the  silver  ions  has  been 
btained  from  the  electrometric  data,  the  value  of  [Ag.~\  = 
AgCl]  can  be  deduced  from  the  solubility  product. 

(See  Problem  72,  p.  195.) 

45.  Taking  the  electrode  potential  e0  of  Cu >•  Cu"  as 

1 33  (eH  =  0)  and  the  absolute  potential  of  the  calomel 
lectrode  as  0*56,  how  many  kilowatt  hours  are  gained  at 
he  kathode  of  a  plating  bath  during  the  deposition  of  31*8 
;rams  of  copper  ? 

Answer     0*016. 

Find  the  absolute  potential  of  the  copper,  against  the 
olution,  and  from  this  the  work  done  (in  joules)  by  the 
.eposition  of  one  equivalent. 

"Copper,"  Donnan("  Handbuch,  Abegg  "). 

46.  According  to  Labendzinski  the  difference  of  potential 
>etween  copper  and  a  normal  solution  of  its  ions  is  0*58  volt ; 
he  temperature  coefficient  of  the  E.  M.  F.  is  0'03756  (hot 
solution  positive). 

What  are  the  changes  of  chemical  and  free  energy  when 
L  gram  atom  of  Cu  is  precipitated  from  such  a  solution 
it  18°? 

Answer    A  =  26,800  calories 

q  =  A  —  Q  =  16,600  calories. 
(See  equation  (1),  p.  214.) 

47.  The  decomposition  potential  of  a  given  solution  may 
>ffcen  be  calculated  from  the  normal  potentials  of  Table, 
D.  218,  and  the  law  of  logarithmic  concentrations. 
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If  the  convention  as  to  signs  (p.  215)  is  adopted  together 
with  a  further  convention  to  the  effect  that  the  decom- 
position potential  shall  be  positive  if  work  has  to  be  done 
in  order  to  electrolyse  the  solution,  then  it  follows  directly 
from  equations  that : 

T>rrt  JIT1 

Ed  =  eA  —  eK  =  eOA  —  eOK  +  —^  log  CA  —  — p  log  CK. 

Thus,  the  decomposition  potential  of  a  saturated  solutior 
of  AgCl  may  be  obtained  from  the  normal  potentials  anc 
the  solubility  result  of  Problem  44,  p.  235. 

E  =  1-35  -  0-80  -  2  X  0-058  X  log  (1  X  10  ~6). 
=  1*13  volts.     Answer. 

48.  The  decomposition  potentials  of  solutions  of  Hgl\ 
and  Pfc/a  saturated  at  18°  are  +  0'53  and  +  0'86  voll 
respectively. 

Find  the  solubilities. 

Answer     Hgl*    1  X  10  ~ 10  gram  equivalents  per  litre. 
Pbh     5  X  10  ~3     „ 
0-53  =  0-54  -  0'86  -  0'087  log  C. 
0-86  =  0-54  -  (-  0-12)  -  0'087  log  C. 
Bodlander  (Zeitsch.  physikal  Chem.  (1898),  27,  55). 

49.  A  voltage  in  excess  of  the  theoretical  is  required  tc 
liberate  hydrogen  from  many  metals.     This  excess  voltage 
e  increases  with  current  density,  and  varies  for  differenl 
metals.     Therefore,  from  equation  (6),  p.  215, 

€H  =  -  *  +  e0  +  0-058  log  CH. 

Thus,  if  the  over-voltage  of  Ha  on  Zn  is  0*70,  the  hydro- 
gen will  be  evolved  from  a  solution  normal  with  respect  tc 
the  H*,  and  0'114  normal  with  respect  to  Zn"  (2  N, 
ZnSOt),  at  a  potential  about  0*1  volt  higher  than  thai 
required  to  deposit  Zn. 

Thus  eH  =  -  0-70  +  0-277  +  0*058  log  1  =  -  0'423. 
ezn  =  —  0-493  +  0-029  log  0'114  =  -  0'520. 
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(See  Foerster  ("  Elektrochemie  Wassriger  Losungen  ").) 
Caspar!  (Zeitsch.  Elektrochem.  (1900),  7,  111). 
Tafel  (Zeitsch.  physikal  Chem.  (1905),  60,  641). 

50.  The  over-voltage  e    for   hydrogen    on   nickel   at   a 
urrent    density  of  0*1   ampere  is  0*74  volt  in   a  double 
jormal  solution  of  HySOt  ([#']  =  1) ;  what  is  the  value  in 
'olts  of  the  difference  between  the  E.  M.  F.  required  to 
leposit  Ni  and  that  required  to  evolve  ffa  from  a  solution 
lormal  with  respect  to  Ni  (a  =  11  per  cent.),  and  double 
lormal  with  respect  to  H^SO*  ? 

Lnswer    The  tendency  to  deposit  Ni  is  greater  by  0*484  volt. 
Take  e0  for  H  =  +  0*277,  and  e0  for  Ni  =  +  0*049 
calomel  =  +  0*56). 

51.  The  combination  : 

HgHgCl  \  N.KCl  \  N.NaOH  \  HgOHg 
tas  an  electromotive  force  of  0*1541  volt  at  25°  C.  (calomel 
>ositive). 

The  chemical  reaction  which  furnishes  the  electrical 
mergy  is  : 

HgCl  +  NaOH  =  HgOH  +  Nad. 
The  single  potential  e0  of  the  calomel  half  is  +  0*2873 
•olt  (H  =  0). 
The  ionic  conductivities  are : 

l(Na)  =  51*0        l(Cl)     =    74*3 
l(K)    =  74*5         l(OH)  ==  195*9 

Find  the  single  potential  of  the  alkaline  half. 

Answer     0*1135  volt  (Hg  positive  to  solution). 

The  problem  requires  a  knowledge  of  the  diffusion 
potential  ed. 

The  Planck  formula  (Problem  30,  p.  229),  and  the  velocities 
if  the  two  anions  and  kations  uKl,  uAl;  UK^  UA^  (or  the 
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ionic  conductivities  1K  etc.)  being  given,  show  by  a  diagram 
or  otherwise  that  solution  (2)  will  be  positive  to  solution  (1] 
when  uKi  +  UA^  >  UK^  +  uAl. 

Donnanand  Allmand  (Journ.  Chem.  Soc.  (1911),  99,  850), 

52.  The  concentration  of  an  ion-forming  gas  Xm  in  a 

solution  surrounding  an  electrode  is,  according  to  the  laws 

of  chemical  equilibrium,  connected  with  the  concentratior 

of  its  ions  X'n  by  an  equation  of  the  form  : 


The  single  potential  of  the  electrode  formed  of  such  a  gas 
is  given  by  the  equation  (14),  p.  217  : 


e  - 

'  n'F  10 

nf  referring  to  the  number  of  F  associated  with  the  abov( 
reaction. 

The  normal  potential  e0  is,  as  before,  numerically  equal  tc 
the  single  potential  when  [Xm~\  and  [Xn]  are  both  equal  to  1 

RT,      - 
e»  =  riFl°%K' 

Apply  these  results  to  the  following  measurements  of  th< 
potential  of  a  normal  KCl  calomel  electrode  against  i 
chlorine  electrode  in  hydrochloric  acid. 

The  concentration  of  chlorine  in  the  solution  was  deter 
mined  by  titration  with  KI  and  a  one  hundredth  molecu 
lar  normal  solution  of  Na^S^O^.  The  solution  was  hal 
normal  with  respect  to  HCl  which  was  taken  as  87  pe] 
cent,  dissociated. 


Number  of  c.c.  of  thiosulphate 

equivalent  to  10  c.c.  of  electrode 

solution. 

2-07 

91*20 


Positive  potential 
against  calomel 


electrode. 


0-949 
0-997 


t  =  17°  C.      -log  =  0-0002. 


Sullivan  (Zeitsch.  physikal  Chem.  (1899),  28,  538). 


\ 
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What  is  the  absolute  normal  positive  potential  e0  of  the 

hlorine  electrode  above  its  solution,  if  the  corresponding 

,bsolute  potential  of  the  N/10  calomel  electrode  is  taken  as 

f-  0'662  volt  plus  diffusion  potential  HCl  \  O'l  KC17 

Answer     e0  =  +  T677  volts  mean. 

53.  What  will  be  the  single  potential  e  of  a  chlorine 
ilectrode,  saturated  at  atmospheric  pressure  ([CZ2]  =  0'064 
nol.   per  litre),  in  a  solution    containing  the   same  con- 
jentration  of  CV  as  before  ? 

Answer     e  =  +  1'637  volts. 

54.  The  electromotive  force  of  the  combination  : 

CuCutO  \  NaOH  \  H*Pt 

is  0-469  volt.  The  solubility  product  H*  X  OH'  (Kw)  in 
svater  and  aqueous  solutions  is  0'56  X  10  ~  14,  and  the 
single  potential  e0  of  Cu  against  a  normal  solution  of  Cu' 
ions  is  Q'454  volt  (Bodlander  und  Storbeck). 

Taking  e0  for  H*  -  »  2  H'  as  0,  what  is  the  value  of  the 
solubility  product  : 

K[CuOH]  =  [Cu'}   X  [OH*]  ? 

First,    express     the     separate      single     potentials     of 
Cu'  -  >  Cu  and  H'  -  >  H  in  terms  of  e0. 

The  ionic  concentrations  Cu'  and  H'  may  be  expressed 

,  .     .  K[CuOHl 
as  the  quotient       QTTI  —  • 

The  OH'  concentration  is,  of  course,  common  to  the  two 
equations. 

e  (Cu'  -  >  Cu)  =  e0  (Cu'  -  »  Cu)  +  0'058  log  [CV] 
e  (H-  -  >  H)  =  e0  (H-  -  >  H)  +  0'058  log 

_  K[CuOH-\  K 

OH'     "  = 


e  (Cu-  -  >  Cu)  -  e  (H'  -  >  H) 
=  Q'454  -0  +  0-058  log 
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0-469  =  0-454  +  0*058  log  Q^lS" 

Answer    K[CuOH~\  =  1-0  x  10  ~14. 
Allmand  (Journ.  Chem.  Soc.  (1909),  95,  2166). 

55.  In  the  cell : 


Pt 


Cu 


NaOH  I  H2Pt 


the  reaction  occurring  is : 

2  Cu  (OH)*  +  HI >  CttaO  +  8  H20. 

Show  how  this  can  be  expressed  by  the  charging  and 
discharging  of  ions  at  the  electrodes. 

The  observed  E.  M.  F.  of  the  whole  cell  =  0*738  volt 

(PtH*  negative),  and  e0  (Cu"  »  Cum)  =  0*204 

volt. 

From  this,  combined  with  Kw  and  K[CuOH~\,  as  found 
in  the  last  problem,  calculate  the  value  of  K[Cu(OH)^\  = 
[Cw]  X  [OH']2.  ' 

Answer    #4  =  I'O  X  10  ~19. 

The  following  are  the  reactions  in  the  cell : 

At  kathode  Cu" >  Cu'  +  0 

Cu'  +  OH' »  I  (Cu*0  +  H20)  solid. 

Cu  (OH2) >  Cu"  +  2  OH'. 

At  anode  J  H2  +  0  >  If- 

£T-  +  OH' >  H20. 

Total     2  CM  (OH)2  +  Ha >  Cu^O  +  3  H20. 

By  writing  the  equations  of  single  potentials  as  in  the 

last  problem  e  (Cu" >  Cu')  =   e0  (Cu" >  Cu),  etc., 

and  subtracting,  obtain  an  equation  from  which  to  calculate 
the  value  of  K[Cu(OH)^. 
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The  equilibrium    constant  of   cuprous   and   cupric  ions 

~Cu'~\ 2 

-n   \    =  K  has  been  found  by  Bodlander  and  Storbeck  to 
C/tt*  "J 

>e  0*5  X  10 ~4  (in  presence  of  Cu  metal). 

The  product  [Cu'~\  X  [OH]  in  a  saturated  solution  of 
uprous  hydroxide  has  already  been  found  (K0). 

Prove  that  the  product  \Cu\  X  [OH]  in  a  saturated 
olution  of  cupric  hydroxide  is  equal  to  VKt  K,  K{  being 
he  solubility  product  of  cupric  hydroxide. 

Allmand  (loc.  cit.). 

56.  Show  how  this  accounts  for  the  fact  that  a  mixture 
>f  Cu(OH}%  and  finely   divided  Cu,  when  shaken  in  an 
,lkaline  solution,  is  completely  reduced  to  Cu^O.     That  the 
hange  must  take  place  completely  in  one  or  the  other 
lirection  could  be  predicted  from   the  incompatibility  of 
ondensed  systems. 

What  are  the  solubilities  of  cuprous  oxide  and  cupric 
tydroxide  at  17°  in  gram  molecules  per  litre  ? 

Answer     0*5  X  10  ~7  and  3  X  10  ~7. 

57.  The  constant  K  of  the  reaction  KI  +  I2  ; *  KI3 

aay  be  obtained  from  a  knowledge  of  [KI],  [1%]  etc.,  and  is 
'•00138  at  25°. 

If  Ci  =  total  KI,  C2  =  total  I2  and  x  =  [IJ,  then-— 

(Ci  -  C2  +  x)  x  _  KC* 

C*  —  x  "  Ci  — Ca  +  K  +  (x) 

lence  find  [I2]  in  a  normal  solution  of  KI  O'OOOS  molar 
lormal  with  respect  to  J2-  If  the  degree  of  ionisation  of 
he  N'KI  is  0'593  in  this  solution,  find  [/']  in  a  second 
olution  saturated  with  72  (0*00134  mol.  to  the  litre),  from 
he  observed  E.  M.  F.  =  0*118  volt  between  a  pair  of 
»latinum  iodine  electrodes  dipping  in  these  solutions. 
P.O.  R 
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At  the  electrodes  7a         *  J1 


Answer    [7a]a  =  0'06689  [Z']6  =  0'264. 
Jakowkin  (Zeitsch.  physikal  Chem.  (1896),  20,  36). 
Laurie  (Zeitsch.  physikal  Chem.  (1909),  67, 627). 


58.  The  E.  M.  F.  of  the  combination 


Ag 


0-0093  AgNOs 


Ag 


1-0  NH3 

0-025  AgN03 

is  0-3879  volt,  at  18°.  What  is  the  approximate  concei 
tration  of  silver  ions  in  the  ammoniacal  solution,  ignorir 
the  diffusion  potential,  and  assuming  complete  dissociatic 
of  the  AgN03  on  the  right  hand  side  ? 

Answer     [Ag'']  =  1'9  X  10  ~9. 
(See  Problem  90,  p.  208.) 

59.  In  the  problem  referred  to  above  it  was  proved  thi 
KaC  =  [Ag]m  [NH^\m  +  l.  C  is  the  total  concentn 
tion,  and  a  the  degree  of  dissociation  of  the  complex  sa 


Determine  the  values  of — —  and  of  m,  from  il 


m 


electromotive  force  of  combinations  (1)  and  (2)  below  : 


(1)      Ag 


(2)      Ag 


0-0034  AgCl 
0-1  NH3 

E  =  0*1213  volt  at  18° 


0-0034  AgCl 
1-0 


0-0379  AgCl 
1-0  ##3 

E  =  0-1120  volt  at  19-5°. 


0-000379  AgCl 
1-0 


Answer     m     —  =  T98    /.  m  =  1  from 
m 

m  =  T04  from 


(1; 

(2) 
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(1)  The  ratio  >     •  j1  must   be  expressed  in    terms  of 

The  latter  concentration  is  found  by  first  sub- 
racting  from  the  total  NHa  that  part  which  is  com- 
>ined  to  form  the  simplest  silver  complex  (combined 
VH8  =  2  X  [AgCl]).  The  effective  concentration  [NHa~] 
8  now  obtained  by  applying  the  empirical  relation : 

\_NHs]  =  CNH  (1  +  0'08  CNH  ). 

3  3 

(2)  In  this  case  [NH^]  is  constant. 

The  concentrations  of  Agm,  which  are  derived  from  the 
)rimary  complex  kations  [_Agm  (NHd)m  +  J ,  are  obviously 
i  function  of  the  concentrations  of  the  latter  by 
squation  (3),  Problem  90,  p.  208. 

Bodlander  (Zeitsch.  physikal  Chem.  (1902),  39,  598). 

60.  The    dissociation  pressure  of   Ag^O  is  5*0  X  10  ~4 
Atmospheres  at  25°. 
What  is  the  E.  M.  F.  of  a  cell : 

AgAg*0 


saturated  solution 


(1  atmosphere)  ? 


Answer     0'048  volt. 

The  reaction  obviously  involves  the  reduction  of  oxygen 
rom  atmospheric  pressure  to  the  dissociation  pressure. 
Lewis  (Zeitsch.  physikal  Chem.  (1906),  55,  465). 

61.  The  affinity  of  the  reaction : 

ias  been  expressed  by  the  equation  : 
i  (cal.)  =  57,300  -  T75  T  2'3  log  T  -  0'033  T2  + 
0-457  T 


-  4-66  T  log 


PH 


Bi 
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Find  the  electromotive  force  of  the  cell  which  carries  oul 
this  reaction  at  25°  and  at  727°  C. 

Answer     1*178  and  0*981  volts. 


Note  T-  is  taken  as  1 

»*»  x  fot 

(See  Gas  Reactions.  See  equation  (1),  p.  214,  anc 
Problem  12,  p.  17.) 

62.  The  electromotive  force  is  required  of  an  actual  eel 
at  25°,  in  which 

PH%  =  Po<i  =  0'969  atmosphere         pn<Jp  =  O'OSl. 

Answer    E  =  1*222. 

Haber  ("  Thermodynamics  of  Technical  Gas  Reactions,' 
p.  326). 

63.  According  to  Nernst,  the  degree  of  dissociation  o 
water-vapour  at  t  =  17°  C.  and  p  =  1  atmosphere  is  0*48  X 
10  ~25  per  cent.  (x).    The  pressure  of  saturated  water-vapou; 
at  this  temperature  is  0*0191  atmosphere. 

Find  the  electromotive  force  of  the  hydrogen-oxygen  cell 
in  which  gaseous  H*  and  02,  each  at  atmospheric  pressure 
are  combined  to  form  saturated  water-vapour,  at  17°. 

Answer     E  =  1/232  volts. 
(See  Nernst  ("  Thermodynamics  and  Chemistry,"  pp.  Ill 

—117). 
A  =  4  EF  =  RT2n  log  p  (^^\  —  RT  log  Kv  \^™\ 

log  Kp  =  3  log  x  -  log  2. 

64.  The  E.  M.  F.  of  a  cell  consisting  of  Pt/Br^  (pBf 
=  1-509)  and  Ft/H*  (pH^  =  753*6)  electrodes  in  a  solutioi 
of  HBr,  containing  0*925  gram  of  HBr  in   1   c.c.  (pHB 
=  2*25),  was  found  to  be  0*625  volt,  at  30°  C. 

Find  the  value  of  Kp  =    ^  pHBr  t 

Answer    K9  =  1'7  X  1Q9. 
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65.  What  are  the  partial  pressures  of  H*  and  Br*  above 
icid  of  this  concentration  ? 

Answer    pH^  =  pBr^  =  1'3  X  10  ~9. 
Bodenstein  and  Geiger  (Zeitsch.  physikal  Chem.  (1904), 
49,  70). 

66.  From  the  solubility  product  of  AgCl  (Problem  44, 
>.  235)  and   the    normal   potentials    Cl   and  Ag  (Table, 
>.  218),  find  the  electromotive  force  of  the  combination  Cl* 
atmospheric  pressure)  and  2  Ag,  and  the  maximum  work 
f  their  combination  to  AgCl,  at  25°. 

Answer    E  =  1135  volts 

A  =  52,400  calories. 

Tjrrr 

For  Ag,  e  =  e0  +  -^  log  CAg. 

The  E.  M.  F.  of  the  silver  chlorine  cell,  at  20°,  is  found  to 
>e  118. 

Katayama  (Zeitsch.  physikal  Chem. ,.61,  566). 

The  heat  of  formation  of  2  mols.  of  AgCl  from  Ag  and 
7^  is  58,760  calories  (Thomsen). 

67.  The  E.  M.  F.  of  the  combination : 


H2Pt  normal  acid 
e.g.    N.  HCl 


normal  salt 
N.  NaCl 


normal  base  HJPt 
N.  NaOH 


s  0-74  volt,  at  18°. 

The  diffusion  potentials  are  0'0392  and  0*0262  volt 
jpposed  to  the  electrode  potentials. 

(See  equation  (11),  p.  217.) 

If  the  degree  of  dissociation  of  acid  and  base  is  0*8,  find 
he  ionic  product  for  water  at  18°,  and  the  hydrogen  ion 
soncentration  in  pure  water. 

Answer     0'76  X  10  ~14         0'87  X  10  ~7. 

The  observed  E.  M.  F.  is  due  to  the  difference  of  [H*]  in 
ihe  two  half  cells.  Since  the  [H*]  in  the  acid  half  is 
mown,  that  in  the  alkali  half  may  be  obtained  from 
equation  (2),  p.  215. 
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68.  A  combination : 


Pt 


Fed* 


N.  KCl 


FeCk 

has  an  electromotive  force  which  is  due  to  the  affinity  o 
the  reaction  : 

Hg  +  Fe"'  +  Clr  =  Fe»  +  ±Hg~*  +  Cl', 
the  mercury  being  oxidised  by  the  ferric  salt.  The  tota 
difference  of  potential  may  be  divided  into  the  singl 
potential  of  the  calomel  cell  and  the  oxidation  potential  o 
the  mixture  of  ferric  and  ferrous  ions.  The  latter  potentia 
varies  with  the  ratio  of  [Fe'"]  to  [Fe"].  At  a  certaii 
value  of  this  ratio  the  oxidation  potential  must  be  zero,  an< 
the  total  difference  of  potential  therefore  0*56  volt. 

In  the  case  investigated,  solutions  of  FeCl%  and  FeCl*,  eacl 
O'l  molar  normal  with  respect  to  Fe,  were  mixed  in  varioui 
proportions  at  17°.  It  is  assumed  in  the  calculation  that  thi 
ratio  of  Fem"  to  Fe"  is  the  same  as  the  ratio  of  FeCl^to  FeCk 

[Fe'"]  X  100  _ 

[Fe'"  +  *«••]- 

E  =     0-347     0-861      0'427      (Fe'"  Fe"  Pt 

minus  calomel) 

Find  the  normal  potential  E0  of  the  oxidation  (i.e.,  whei 
[Fe'"]  =  [Fe"]  )  as  given  by  the  equation  E  =  E0  -\ 

0*0575  log   ,-  „    j  ,  also  the  equilibrium  ratio  >  J*  \  whicl 
\Jce"\  \_re"' 

will  make  E  equal  to  zero,  and  is,  therefore,  given  by  th 
equation  — 


E0  =  -  0-0575  log  K  =  0-0575  log 

Answer    E0  from  the  first  measurement  is  0*4265.     Thi 

r  T?0"~\ 
mean  of  the  values  of  •—  log  K  is  7*45.   ^     J: 

=  2*8  X  10  ~7;  A  =  EF  =  41,360  joules. 
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69.  The  mean  value  of  E0  in  the  last  problem  being 
0'428  volt,  find  the  single  potential  of  the  normal  ferric- 
ferrous  electrode  e0  on  the  absolute  scale  and   the  ratio 

T7?     .. 

—  —  in  a  solution  between  which  and  a  platinum  electrode 

the  potential  difference  shall  be  zero. 
Answer     e0  =  0'988  volt  =  E0  -f  absolute  potential  of 

Jfp" 

N-  calomel  electrode  ^r—  =1  X  10  "  17  from 
re'" 

equation  (15),  p.  218. 

70.  What  will  be  the  potential  difference  between  the 
normal  hydrogen  electrode  (see  Problem  38,  p.  283)  and  the 
normal  ferric-ferrous  electrode  ?     What  reaction  will  occur 
in  this  combination  when  furnishing  current  ? 

Answer    0*711  volt  (Fe"m  Fe"  Pt  positive). 
Hydrogen  will    be    oxidised  and  ferric    iron    reduced, 


71.  What  will  be  the  E.  M.  F.  of  the  same  combination 
if  there  are  O'Ol  mol.  of  Fed*  to  0'09  mol.  of  Fed*  ? 

Answer     0'656  volt. 

72.  Show  that  in  the  above  combination  an  increase  in 
[#"•]  reduces  the  affinity  of  the  oxidation,  or  tendency  of 
Fe'"  to  oxidise  Ha,  while  an  increase  in  p^ahasthe  opposite 
effect. 


Answer    A  =  nEF  =  RT  (log  ~  log 


when  n  =  1,  in  which  K  = 
at  equilibrium. 


For  [jffa]  *  there  may  be  substituted  K'p^H^  and  log  K' 
cancels  in  the  affinity  equation. 
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73.  A  hydrogen  electrode  in   neutral   solution   (—   loo 
[H'~]  =  7)  is  connected  with  a  normal  Fe"'  Fe"  Pt  electrode, 
Find  the  value  of  pH^  required  in  order  that  the  E.  M.  F, 
and  the  affinity  of  the  oxidation  may  be  zero. 

Answer    pH^  =  3*2  X  10  ~39. 
(See  Sackur,  "Die  Chem.  Affinitat,"  pp.  96—98.) 

74.  Let  Ed)  Id ;  Ec,  Ic  be  the  discharging  and  charging 
E.  M.  F.  and  current  of  a  given  battery,  t,  the  times,  and  Q  the 
extra  energy  spent  in  charging  beyond  that  obtained  in  dis- 
charging.    This  loss  of  energy,  mainly  due  to  an  increased 
voltage  depending  on  the  changes  in  acid  concentration  ai 
the  poles,  appears  as  heat  evolved  on  irreversible  mixing  ol 
the  concentration  layers  (chiefly  in  the  pores  of  the  active 
mass). 


T7T      T     j. 

The  efficiency  (e)  =  ^ ^—  =  ^fjjif  E  and  /  are 

\dt  c  c       mean  values. 


And  Q  =  KPt,  since  the  loss  of  energy  behaves  as  ii 
due  to  high  resistance  and  appears  as  heat. 

K  is  a  constant  for  a  definite  quantity  of  active  material. 

The  mean  electromotive  force  of  some  accumulators 
during  discharge  was  1*925  volts,  and  the  current  was  152*7 
amperes  for  4*5  hours.  In  order  to  charge  again,  the 
following  quantities  were  required : — (1)  134*3  amperes  at 
2*30  volts  for  5*4  hours ;  (2)  139*6  amperes  at  2*35  volts  for 
5*5  hours. 

Find  the  efficiency,  the  loss  of  energy  and  the  mean 
value  of  the  constant  K. 

Answer     e    =  0'79.' 

Q  =  350  and  480jwatt  hours. 
K  =  0*00405. 
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2-30  X  5-4  X  134-3  =  1,670. 


1,670 
1,670  -  1,320  =  Q  =  350. 

K  =  -^  =  0-0036,  etc. 

75.  What  is  the  efficiency  of  the  whole  process,  if  the 
cell  is  discharged  as  in  the  first  case  considered  above,  but 
charged  at  145  amperes,  in  5  hours  ?  The  mean  of  the  two 
values  of  K  is  used. 

Find  the  E.  M.  F.  required  for  charging. 

Answer     e  =  076 

E  =  2-408  volts.   - 

KINETICS    OF    MOLECULAR    AND 
RADIOACTIVE    CHANGES. 

Symbols  and  Definitions. 

The  following  symbols  have  been  used : 

Ci,   C2,   etc.,  for  concentrations  of  reacting  molecules. 

C"i,  C"a,  etc.,  for  concentrations  of  resulting  molecules. 

C0  for  the  concentration  at  the  beginning  of  a 

reaction. 

The  differential  —  -r-  expresses  the  rate  of  decrease  of 

concentration    of   the  reacting  molecules    present   at   any 
moment. 

The  rate  of  decrease  of  each  molecular  species  is  propor- 
tional to  the  concentrations  of  the  reacting  molecules,  each 
raised  to  a  power  equal  to  its  numerical  coefficient  in  the 
stoichiometrical  equation. 
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Thus,  if : 


And  for  the  reverse  reaction 

"~T7     —    /C2O  \  /V  >/•  1  X    O  3        • 

The  constants  &i  and  &2  are  called  the  velocity  constants 
for  the  direct  and  reverse  reactions. 

Or,  if  x  is  the  amount  of  each  molecular  species  changed 
at  the  end  of  the  time  t,  and  the  molecules  are  present 
initially  at  concentrations  a  and  b  : 

dx       .    , 

-  =  kl(a-x)(b-x). 

Complete  Reactions. 

Unimolecnlar.  A  *  A' 

_  ^?=  ^(7  Q\ 

*  —  log  C  =  kt  +  Ci 
-  log  C0  =  Cj(t  =  0) 

subtracting,  log  -^  =  kt (2) 


log       =  %-*!).        .        .        .     (3) 

Bimolecular.     Al  +  A* »  A\  +  A'*. 

Let  the  reacting  substances   be   present  in   the   same 
initial  concentrations 

-f 


*  The  true  velocity  constant  of    the  differential  equation  is  oj 
course  obtained  by  multiplying  the  ordinary  logarithms  in  equation  (2] 

by  2-303.      The  use  of  a  constant  k'  =  1J^  obviously  reduces  th« 

Z'oUo 

amount  of  computation  required,  and  is  permissible  in  most  cases. 
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f       dC         C~n  +  l 

-J  -  cr  =  -n+  r   (See p'  '^ 

i-i  =  kt    •    •     •  »> 

Polymolecular.     j4i  +  ^4a  +  4$ >  4'i  +  ^'a  +  A's 

?=l  -  7^]  =kt   .        .    (8) 


Bimolecnlar.  The  reacting  substances  are  present  in  dif- 
ferent initial  concentrations 

-^?=KVC,        .        .        .(10) 

Let  0Ci  and  0<72  be  the  initial  concentrations  of  the  two 
kinds  of  molecules,  and  let  C\  and  <7a  be  the  concentrations 
after  the  lapse  of  time  t. 


or  calling  the  constant  difference  between  QCi  and  0Ca  "  a  "  : 


-  a) 

Or,  if  a  and  b  are   the  concentrations   present   at  the 
beginning  and  x  is  transformed  at  the  end  of  time  t  : 


k  = 


Radioactivity. 

The  activity  of  a  radioactive  substance  is  proportional  to 
the  rate  of  change  of  the  molecules  which  give  rise  to  the 
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measured  radiation.    A  definite  fraction  of  the  total  number 
(N)  of  molecules  is  ready  to  change  at  any  given  time  : 


Rate  of  Decay. 

An  active  substance  B  in  changing  into  the  next  dis- 
integration product  C  gives  off  a  radiation  of  intensity  I  at 
the  beginning,  and  a  radiation  of  intensity  It  at  the  end  of 
a  period  of  time  t,  during  which  B  is  isolated  from  the 
parent  substance  A. 

Then  log  j  =  —  kt  -j  =  e~Kt.        .        .    (2) 

Rate  of  Recovery. 

Let  the  active  product  B  give  a  radiation  of  intensity  I 
when  it  is  present  in  equilibrium  quantity,  i.e.,  when  it  is 
being  produced  from  A  at  the  same  rate  at  which  it  is  being 
converted  into  C.  If  A  is  completely  deprived  of  C,  the 
activity  will  be  zero.  The  recovery  of  activity  due  to  the 
formation  of  new  B  is  given  by  the  equation : 

j*  =  !-*-*<  .     (3) 

or  if  kt  is  small : 

*±=kt     .        .        .        .     (4) 

k  has  the  same  numerical  "value  as  in  equation  (2). 

Rutherford  ("  Radioactivity,"  pp.  224,  225). 
Soddy  ("  Radioactivity,"  p.  90). 

Number  of  Molecules  and  "Life  "  of  a  Radioactive 
Substance. 

If  n0  is  the  number  of  molecules  changing  in  unit  time, 
and  N0  the  number  of  molecules  present  at  any  time,  then 
for  a  relatively  slow  change  : 
dn  An 


*  /in  this  case  is  the  final   value    when    radioactiye    equilibrium    has 
been  restored. 
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The  constant  k  is  the  same  as  that  obtained  from  equa- 
tions (2)  and  (8), 

t  =  Jf      .        .        .        .    (5) 

This  is  the  physical  meaning  of  the  radioactive  constant  K. 
[t  expresses  the  ratio  between  the  number  of  molecules 
changing  per  unit  of  time  and  the  total  number  present. 

If  n0  and  N0  refer  to  the  state  of  radioactive  equilibrium, 
then  by  the  preceding  n0  is  also  equal  to  the  number  of 
molecules  of  B  produced  per  unit  of  time. 

The  half-life  of  a  radioactive  product  may  be  defined  as 
the  time  required  for  the  activity  to  fall  from  its  initial  to 
one  half  its  initial  value. 

The  initial  activity  is  that  which  the  product  has  when 
present  in  the  greatest  possible  quantity,  i.e.,  when  it  is  in 
equilibrium  with  its  parent  substance. 

The  numerical  value  of  the  half-life  is  evidently  given  by 

the  equation : 

log  2  =  kt±        .        .        .    (6) 

k    having    been    obtained    from    equation    (2)    (decimal 
logarithms). 

Note. — Some  of  the  [original  results  have  been  modified  by 
further  investigations.  The  method  of  treatment,  however, 
as  illustrated  by  the  examples  chosen,  remains  unaltered  in 
its  essentials. 

Incomplete  Reactions. 

Unimolecular.  A  <       >  A'. 

Suppose  at  the  end  of  time  t,  x  of  A  has  been  transformed 
into  A' : 

dx 
—  =  ki  (a  —  x)  —  fax,  (1) 

where  ~  is  the  net  velocity,  or  actual  velocity  observed 
at  time  t. 


254       PKOBLEMS  IN  PHYSICAL  CHEMISTRY 

At  equilibrium  ~  =  0. 

Let  the  amount  of  A  transformed  at  this  point  be  f. 

Then  fe  (a-  0  =  Arf,  fe  =  A*  £=^     .        (2) 

Substituting  (2)  in  (1) : 

dx  _  Mtf  —  a?) 

~  ~~ 


•         (3) 

'*;    -      W 

in  which  kr  is  a  constant  for  any  particular  original  mixture. 
Or,  substituting  for  ki  in  (4)  its  value  from  (2) : 

f  n 

From  (4)  and  (5)  : 

1  f 

Similarly  for  the  reverse  reaction  A1 *  A 

dx       i  /          x 

—5—  =   K<*(a  —  X) —  K\X        .  .         (lA) 

at 

dx  kid  (a  —  f  —  a?) 

W  £ 

dx  a  —  £  a , 


From  (2) 


If  K  is  the  equilibrium  constant  =  7— , 

#2 

K =      ^  •     ^  —  a  —  K  (  . 

~«-f  "IT^ 

Substitute  (7)  in  (6) 
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Bimolecnlar.      A\  +  At  ^         A\  +  A'%. 

If  Ci,  Ca,  and  C'i,  C'%  are  the  concentrations  at  any  time, 

dx 

ihen  the  net  velocity  -r-  at  this  time  may  be  found  from  the 
dt 

velocity  constants  ki  and  A:2  of  the  direct  and  the  reversed 
reactions. 

,  •        •        O) 


Or,  if  a  and  b  are  the  amounts  of  the  reactants  at  the 
seginning,  and  x  is  changed  after  time  t  : 
/IT 
=!  =  *!<«  -x)(b-x)-  fee*        .      (10) 

If  f  is  the  value  of  x  at  equilibrium  : 

2 

Fx  •  (II) 


For  a  fuller  treatment  of  this  and  other  cases  see  Mellor 
["  Chemical  Statics  and  Dynamics,"  p.  88). 

Order  of  a  Reaction. 

The  best  evidence  that  a  reaction  is  uni-,  bi-,  or  poly- 
nolecular  (of  the  1st,  2nd,  or  nth  order)  is  derived  from  the 
velocity  results  themselves. 

A  most  obvious  and  useful  way  of  determining  the  order 
'.B  to  calculate  the  velocity  on  each  of  the  foregoing  assump- 
tions. Of  the  k  values  so  obtained,  one  series  will  usually 
3e  more  constant  than  the  rest. 

Among  other  methods  of  finding  the  order  of  a  reaction 
ire  the  following : 

(1)  The  differential  method  (Van't  Hoff). 

If  the  differential  —  -j-  can  be  determined  with  different 
at 

nitial  concentrations,  C\  and  <7a ;  then  : 
~~~^1  = 
~~  ~d?~ 


256      PROBLEMS   IN   PHYSICAL  CHEMISTRY 

Taking  logarithms,  and  subtracting  (2)  from  (1)  : 

,      dCz 


'   logd-logCa 
The  differential  —^—  may    sometimes  be  obtained  \ 

sufficient  accuracy  from  the  small  finite  differences  in  t 
and  concentration  : 


(2)  The  method  of  finding  the  times  required  for  e< 
fractional  decreases  of  concentration  (Ostwald,  Noyes). 

Let  two  experiments  be  made  with  different  initial  < 
centrations,  C\  and  <72  of  the  reacting  substance  : 
C\  decreases  to  C'\  in  time  ti 
Cz         ,,         ,,  C'z  „     ,,     tz. 
C\  and  Cz  are  so  chosen  that  : 

C  i  —  C\  _  C'z  —  Cz 
Ci  C% 

Let  ki  and  /c2  be  the  velocity  constants  of  the  reactioi 
measured  from  C\  and  C%  ;  then  by  means  of  equation 
p.  251,  and  algebraical  transformations,  it  can  be  shi 
that: 


See  Mellor  ("  Chemical  Statics  and  Dynamics,"  p.  62 
If  the  reaction  follows  the  same  course  throughout,  tl 
ki  =  kz, 

log  ti  —  log  t%  /XT        N 
.'.    n  =  1  +  ,—  ^TT  —  H2-^-  (Noyes). 
r  log  Cz  —  log  Ci  ^ 

(3)  Method  of  isolation  (Ostwald). 
From  the  equation  : 

-f  =  k(Cln>  x  c*n*  x  c3\  ; 

it  is  evident  that  if  the  concentrations  Cz  and  Cs  are  \ 
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large  compared  to  <7b  the  whole  reaction  will  appear  to  be 
of  the  With  order  : 


The  exponents  n2  and  wa  are  similarly  determined. 

Velocity  of  Diffusion. 

The  observed  velocity  of  a  reaction  in  a  heterogeneous 
system  is  often  dependent  upon  the  velocity  of  diffusion  of 
one  of  the  reacting  molecular  species  across  the  surface 
separating  the  phase  of  constant  composition  (pure  solid) 
from  the  phase  of  variable  composition  (solution). 

Examples  of  such  reactions  are  :  the  diffusion  of  a  salt 
down  a  concentration  gradient,  followed  by  hydration  and 
ionisation,  and  the  diffusion  of  hydrogen  or  metal  ions  to  a 
metallic  surface,  followed  by  an  interchange  of  ionic  charges. 

The  amount  of  a  substance  A#  transformed  in  each 
interval  of  time  A£  is  proportional  to  : 

(1)  The  surface  of  separation  S  of  the  phases.  (2)  The 
rate  of  diffusion  of  active  material,  to  or  from  each  unit 


of  area  of  the  surface. 


The  rate  of  diffusion  —  ,  from 


a  constant  surface  is  proportional  to  the  concentration 
gradient  -77-   (rate    of    decrease  of    concentration    across 

the  surface   of   separation),  and   to   the  specific  diffusion 
coefficient  kD. 

Thus  £ 

kD  is  defined  as  the  amount  of  substance  Ax  diffusing  in 
each  unit  of  time,  when  S  and  -^  are  each  equal  to  unity. 

If  --  is  constant  during  the  time  of  experiment  : 


P.O. 


258     PEOBLEMS   IN   PHYSICAL  CHEMISTRY 

Consider  the  case  of  the  solution  of  a  salt  in  water.  The 
concentration  of  the  salt  is  C  in  the  solution  ;  Cs  (saturated] 
in  contact  with  the  solid  phase,  and  the  concentration 

ri   _  /TT 

gradient  is  therefore  -^-,  —  ,  if  I  is   the  thickness  of  the 

l 

diffusing  layer  which  surrounds  the  salt.    . 

-  ( 


—     -         D 

If  the  volume  of  the  solution  V  is  large,  Cs—  C  remains 
practically  constant  with  a  constant  rate  of  stirring. 


If  the  volume  of  the  solution  V  varies,  e.g.,  on  the  removal 

of  test-samples,  and  the  change  measured  by  the  titration  oi 

these  is  the  change  in  concentration  AC,  it  is  evident  that  : 

AC  __  A#  .  JL  y  .  dC  _  dx 

Ai  "  "   Ai     ~V  dt  ~~  dt 

Substituting  in  equation  (3) 

A(7    _  kj)S  .  C>s  —  C  ,~x 

At  "  ~v     ~r 

The  constant  for  any  particular   case   follows  from  the 
integrated  form  : 


or  --.    log  'X  2-303 

*2  —  «1  ^S  —  ^2 

The  terms  accessible  to  measurement  on  the  left-hand 
side  are  obviously  the  volume  of  the  solution  and  the 
surface  of  the  diffusing  layer. 

The  velocity  of  solution  is  found  to  vary  with  the  rate  oi 
stirring,  because  this  will  in  all  probability  affect  the 
thickness  I  of  the  diffusing  layer. 

In  the  problems,  the  remaining  constant  k  is  assumed 
to  be  identical  with  the  diffusion  constant  as  defined  in 
equation  (1), 
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PROBLEMS. 

Complete  Reactions. 

1.  If  a;  of  a  substance  originally  present  at  concentration 
"  a  "  is  transformed  at  the  end  of  time  t,  show  by  integration 
(equation  (2),  p.  250),  that : 

log  — ^—  =  kt 
&  a  —  x 

and  log  *  =  k  (fa  —  ti). 

The  concentration  of  the  reacting  molecules  of  a  given 
system  was  10  at  the  commencement ;  after  a  certain  time, 
2*818,  and  after  a  further  1  hour  and  40  minutes,  T778. 

Find  the  reaction  constant  k  of  the  differential  equation 
(t  in  minutes) ;  the  time  elapsing  from  the  commencement 
until  the  concentration  is  2*818,  and  the  fraction  of  the 

original  amount  which  remains  unchanged  at  t  =  T. 

K 
o.qrjo  ri 

Answer     k  =  ^f?  log    ~=  0*004606 
k      =  0-002  =  l'°  ~~  °'45 


2-303  fc  -  0 

ti  =  275  minutes. 

kt  =  1  =  2-303  log  -        1  —  x  =  unchanged  fraction. 
i  —  x 

2-303  log  (1  —  x)  =  —  1.     .'.  1  —  x  =  -  (see  p.  2). 

€ 

Similarly,  if  K  is  from  decimal  logs,  what  fraction  will 
remain  unchanged  at  t  =  -=-=  ^^  or  50°  minutes? 


Answer     —  . 

2.  A  20  per  cent,   solution    of    cane   sugar  having  a 
dextrorotation  of  84-50°  is  inverted  by  0'5  normal  lactic 

8  2 
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acid,  at  25°.  The  rotation  at  the  end  of  1,435  minutes 
is  +  31-10°  ;  at  the  end  of  11,360  minutes,  +  13*98°,  and 
after  complete  inversion,  —  10'77°. 

Show  that  the  reaction  follows  the  unimolecular  law,  and 
calculate  the  constant  of  the  differential  equation  from  the 
two  measurements. 

Answer    K  =  0'544  X  10  ~  4  and  0'532  X  10  -  4 

(natural  logarithms). 

The  fraction  inverted  at  any  time  may  be  calculated  by 
proportional  parts  as  in  Problem  3,  p.  91. 

Thus,  if  <f>r  and  $z  are  the  rotations  of  the  inverted  and 
unin  verted  sugar,  (j>x  the  rotation  at  any  time  t,  and  x  the 
concentration  of  inverted  sugar  at  this  time  : 

CO         ^  <frr  +  4>l 

Co  —  x 


<j>r  and  (fo  are  merely  the  numerical  values,  but  <f>x  is  given 
its  proper  sign. 

3.  Assuming  that  the   velocity  constant  has  the  same 
value*  in  a  more  dilute  sugar  solution  of  the  same  acid 
concentration,   calculate    how   much   will    be  inverted  in 
50  hours,  and  how  much  left  unchanged  after  500  hours  in 
1  litre  of  a  15  per  cent,  solution  of  cane  sugar,  at  25°. 

log      GQ      -  &  X  t  (min.), 

g  C0  -  x        2-303 
k  having  the  value  found  in  the  last  problem. 

Answer     22*30  grams  inverted  in  50  hours. 
29*80  grams  left  after  500  hours. 

4.  AsH3  (gas)  =  As  (solid)  +  3  H. 

This  is  one  of  the  few  gas  reactions,  the  velocity  oi 
which  has  been  successfully  studied.  The  amount  oi 
decomposition  may  be  deduced  from  the  change  of  pressure 
at  constant  volume. 

Let  P0  and  P  be  the  total  pressures  at  t  =  0  and  t  =  £, 
»  0-539  x  10  -  «. 
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C0  and  C,  the  corresponding  concentrations  of  AsHQ,  and  x 
the  fraction  of  the  original  gas  decomposed  at  t. 

Show  that     -=j-  =  1  +  5         #  =  -5 2, 

and  hence  r7  =  3  —  ~P~' 

The  initial  pressure  being  784'84  millimetres,  which  rose 
to  878*50  mm.  in  3  hours,  find  x  and  k  (t  in  hours). 
Answer    x  =  0*239. 

1  <70  __  1  P0 

v  C-/  v  O     JT  0      L    '       ^u     JL 

=  0-0908. 

5.  The  mean  velocity  constant  of  the  above  reaction  was 
found    to    be    0'0906.      Find  the  time  at   which    AsH3 
(originally  under  a  pressure  of  2  atmospheres)  will  be  half 
decomposed,  and  the  pressure  then  prevailing. 

_£=  *L 

Answer    P  =  2J  atmospheres. 

0-3010 
*  =  -*8Tfc  =  7'7  hours' 

6.  At  a  temperature  of  367°  C.  k  for  the  decomposition 
of  AsHa  =  0*202  (natural  logarithms,  and  time  in  hours). 
How  many  molecules  per  cent,  will  be  decomposed,  when 
the  velocity  has  fallen  to  one  half  its  original  value,  and 
during  the  fifth  half-hour  ? 

The  original  concentration  is  1 

-^=  kC  =  0-202        0-101  C0  =  0-202  X  C. 

Answer    (1)  50  per  cent. 
(2)  6'4  per  cent. 

2-303  log  ^— —  =  k  (ti  —  0). 
l  —  x\ 

2-303  log  — -i—  =  k  («a  —  0). 
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Hence  find  1  —  #1,  1  —  o*2,  and  #2  —  x\,  the  amount 
changed  in  the  interval. 

7.  It  was  found  by  Wilhelmy  that  out  of  10*023  grams  of 
cane  sugar  a  dissolved  in  89*977  grams  of  water  b,  3*726 
grams  x  were  inverted  in  130  hours.  Find  the  constant  for 
the  reaction  considered  as  unimolecular,  and  as  bimolecular. 
Also,  apply  the  unimolecular  and  bimolecular  equation  to 
find  the  times  required  to  invert  25  per  cent,  of  the  sugar, 
in  a  solution  containing  10  grams  of  sugar  in  100  grams  of 
water,  according  to  (a)  the  unimolecular,  (b)  the  bimolecular 
equation.  Use  the  equation  of  Problem  1,  p.  259,  and 
equation  (13),  p.  251. 

Answer     k  =  0*001552  unimolecular  ; 

(b  —  a)  k1  =  0*001548  bimolecular. 
Time  =  80  J  minutes  unimolecular  ; 

71  minutes  bimolecular. 

By  changing  the  signs  of  both  factors  of  the  left-hand 
side  of  equation  (13),  p.  251,  it  becomes  — 

,  ,  ,,          N        1  ,      a  (b  —  x) 
^(6_a)  =  -log6-A_  J 

and  b  —  a  =  79*95. 

To  find  the  times,  solve  the  same  equations  for  t, 
introducing  the  new  values  ai  and  fa.  Thus  in  the  second 
case  — 

,  _  0*00155        J^         10  (100  -  x)' 
'          "  g 


79'95         90  100  X  7'5 

Note  that  x  in  b  —  x  must  be  expressed  in  grams  of 
water,  and  this  is  connected  with  x  given  (=  grams  of 
sugar)  by  the  equation  of  Problem  3,  p.  91. 

8.  In  an  experiment  by  Lamble  and  Lewis  (Journ.  Chem. 
Soc.  (1915),  107,  238)  a  mixture  of  25  c.c.  of  20  per  cent 
sugar  solution  with  25  c.c.  of  1*8  N'  HCl  was  inverted  at  25°. 
The  rotation  <j>x  was  +  10*02  after  46*00  minutes  and  +  3*735 
after  78*02  minutes. 
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The  initial  rotation  <f>r  is  calculated  to  be  +  24'09,  and 
the  final  rotation  of  invert  sugar  <j>t  =  —  10*74  (see 
Problem  8,  p.  91).  Calculate  the  constants  of  the 
unimolecular  reaction  by  natural  logarithms. 

Answer     10  -  8  k  =  11-23  and  11*24. 

8a.  The  mean  velocity  constant  is  1116  X  10  ~*.  Hence 
find  the  percentage  transformed  and  the  rotation  <f>  at  the 
end  of  100  minutes. 

Answer     67*2  per  cent.  ;(/>  =  +  0*69°. 

9.  Suppose  that  the  two  reacting  kinds  of  molecules  in  a 
bimolecular  reaction  are  not  present  in  equivalent  quantities 
at  the  beginning  of  the  reaction.  The  velocity  constant 
and  time  are  then  given  by  equations  (11),  (12),  and 
(13),  p.  251. 

The  saponification  of  ethyl  acetate  by  means  of  NaOH 
was  investigated  by  Reicher. 

NaOH  +  CHBCOO*H5  =  CHjCOONa  +  C*H5OH. 
See  Van't  Hoff  ("  Chemical  Dynamics  "). 

One  hundred  cubic  centimetres  of  the  reacting  mixture 
were  run  at  known  intervals  of  time  into  a  known  excess  of 
standard  H^SOi,  and  titrated  back  with  standard  Ba(OH)*. 

The  above  equation  can  easily  be  adapted  to  the  cases  in 
which  the  alkali  or  the  ester  are  in  excess.  It  is,  of 
course,  the  concentration  of  the  former  which  is  actually 
measured. 

Let  C0,  Ct  and  C/  represent  the  concentrations  of  that 
reactant  which  is  measured  at  the  beginning,  after  time  t, 
and  at  the  end  of  the  reaction,  respectively. 

Let  C'0  and  C't  represent  the  concentrations  of  the 
reactant  which  is  not  measured. 

Then  Cf  =  C'0  -  C0 

and  toto 


264      PROBLEMS   IN   PHYSICAL  CHEMISTRY 

(1)  Let  the   reactant,   of    which    the  concentration   is 
actually  measured,  be  in  excess. 


—     •" 


(2)  Let  the  ester  be  in  excess. 

Cf  of  the  ester  is  now  left  at  the  end  of  the  reaction. 


The  experimental  results  were  as  follows  : 

The  first  column  contains  the  times  (in  minutes)  which 
have  elapsed  since  the  beginning  of  the  reaction. 

The  second  column  contains  the  number  of  cubic 
centimetres  of  baryta  (of  the  stated  strength)  equivalent  to 
the  alkali  in  100  c.c.  of  the  reacting  mixture. 

The  unit  of  concentration  used  in  calculating  the  constant 
is  1  gram  equivalent  in  the  litre,  or  1  c.c.  of  normal 
baryta  to  1  c.c.  of  the  reacting  mixture. 

t  C.c.  Ba(OH)* 

0  61-95  Titre  of  Ba(OH)2 

4-89  50-59  1 

11-36  42-40  =  2-2^797  n°rmaL 

29-18  29-35 

oo  14-92 

If  C  is  the  concentration,  N  the  normality  of  the  baryta, 
and  V  the  number  of  cubic  centimetres  used, 

C  =  0-01  N. 
Find  the  constant  of  this  reaction  (natural  logs). 

Answer  k  =  2'31. 
k  =  2-28. 
k  =  2-28. 
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10.  In  two  other  experiments  there  was  (1)  excess  of 
alkali  ;  (2)  excess  of  ester. 

(1)      t  c.c.  Ba(OH)z  Standard  of 
0                           62-09  baryta 

3-74  54-33  _     N 

oo  33-06  24-07 

(t)      t  c.c.  Ba(OH)2  Standard  of 
0                           38*94  baryta 

2-52  31-32  __     N 

oo  ester  23'485 

Find  the  reaction  constant  in  each  case,  and  compare  the 
times  required  to  saponify  half  a  milligram  equivalent  of  the 
ester  in  100  c.c. 

Answer     k  =  3*47. 
Time  —  67  minutes  (1). 
4*3  minutes  (2). 

11.  If    the    velocity  constant    of    the    above  reaction, 
expressed  in  the  same  units,  but  at  another  temperature, 
is  2'37,  find  the  time  required  to  saponify  half  the  ester  in 

a  solution   originally   -^  N'  with  respect  to  NaOH  and 
oU 

N-  with  respect  to  ester.    Use  the  second  and  third 


equations  from  the  top  of  p.  264. 

Answer     17'  6". 

12.  The  velocity  constants  of  saponification  at  9*4°  by  the 
hydroxides  of  Na,  K,  Ca,  Sr,  Ba,  are  2'37,  2*298,  2'285, 
2-204,  and  2144.  (a)  Compare  the  times  taken  when  NaOH 
and  Ba(OH)2  are  used  to  saponify  half  the  ester  in  a 

solution  of  the  initial  concentration  ^pr  N'  alkali  and  ^  N' 

20  50 

ester,     (b)  Find  the  milliequivalents  of  free  alkali  used  in 


266      PKOBLEMS   IN   PHYSICAL  CHEMISTRY 

100  c.c.  of  each  of  the  five  solutions  (made  as  (a))  after 
half  an  hour,     (c)  If  the  velocities    are  proportional   to 

(OHr),    and    the   ionised  fraction   a  oi  ~  N'  NaOH    is 

0'92,  find  a  in  the  case  of  the  other  alkalies. 

Answer     (a)  6*6  and  7 '3  minutes. 

(b)  1-85,  1-84,  1-84,  1"825, 1'815  milliequivalents. 

(c)  a   =   0-892,  0-887,   0'855,  0'833. 

13.  The  velocity  constant  K  for  the  hydrolysis  by  NaOH 
is  8-204  at  14'4°.     From  the  data  of  Problem  12  and  the 

equation  log  -*-  =  A  t  r^r  — •  TTT  )  calculate  the  temperature 
KI  \11       1  a  / 

at  which  K  =  4. 

At  this  temperature  how  long  is  required  to  transform 
0*01  equivalent  of  ester  in  a  litre  of  the  solution  (a)  0'04  N' 
to  alkali  and  ester,  (b)  0*06  N'  to  alkali,  0'02  N'  to  ester, 
(c)  0-06  N-  to  ester,  0'02  N-  to  alkali  ? 

Answer     t  =  18°  C. 
Time  =  (a)  2'08,  (6)  319,  (c)  319  minutes. 

14.  From  the  data  of  Problem  35,  p.  279,  find  the  velocity 
constant  of  the  oxidation  of  FeCl^by  K€lOQm  the  presence 
of  HCl. 

Taking  results  (2)  and  (3),  and  (5)  and  (6), 
k  =  1-05 
=  0-92. 

Answer     k  =  ro  approximately. 

Radioactive  Changes. 

15.  The  activity  of  thorium  X  (active  product  of  thorium 
disintegration)  when  isolated  from  the  parent  thorium  falls 
to  one  half  its  value  in  four  days. 

What  is  the  radioactive  constant  (t  in  hours),  and  how 
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much  time  will  elapse  before  the  activity  decreases  to  one- 
sixth  of  its  maximum  value  ?    (See  equation  (2),  p.  252.) 
Answer     k  =  0*0072 

t  =  10  days. 

2-303  log  2  =  to  =  k  X  96 
2-303  log  6  =  kt      t=  249  hours. 

16.  The  radioactive  constant  for  the  change  :    radium 
emanation  -  >  next  product  being  AR  Qr>rtrt  (t  in  seconds), 


find  the  time  required  for  the  activity  of  a  sample  of  the 
emanation  to  fall  from  100  to  20. 

Curie  (Compt.  rend.   (1902),  135,  857);  Rutherford    and 
Soddy  (Phil.  Mag.,  April,  1908). 

Answer     207  hours. 

2'803  lo§  5  =  X  8'6°°  fc 


17.  The  active  thorium  (thorium  X)  may  be  separated 
from  the  parent  thorium  by  precipitation  with  ammonia, 
the  active  part  remaining  in  the  nitrate. 

The  inactive  thorium  is  allowed  to  stand  for  a  definite 
time  ;  the  thorium  X  formed  in  this  time  is  again  separated 
by  precipitation,  and  the  radioactivity  measured.  It  is 
given  by  equations  (3)  and  (4),  p.  252,  1  being  the  total 
activity  of  thorium  X  when  there  is  radioactive  equilibrium. 

The  value  of  k  has  been  already  deduced  from  the  decay 
of  the  activity  (Problem  15). 

Find  the  time  required  to  produce  one-sixth  of  the  full 
activity  I  from  a  sample  of  thorium  which  has  been 
deprived  of  thorium  X. 

What  fraction  of  the  maximum  activity  I  will  be  recovered 
in  1  hour,  and  in  5  days  ? 

Answer     21*9  hours. 

-^  of  7. 
140 

0-58  of  I. 
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For  the  short  periods  of  time,  1  hour  and  1  day, 
the  approximate  method  of  calculation,  equation  (4)  may 
be  used ;  for  the  longer  period,  however,  the  more  exact 
equation  (3)  must  be  used. 

Plot  the  curves  of  decay  and  recovery  of  activity,  using 
the  constant  found  above,  activities  (ordinates)  being  given 
as  percentages  of  I  (100)  and  the  times  (abscissae)  being 
in  days. 

Rutherford  and  Soddy  (Phil.  Mag.,  September,  1902). 

Note. — On  account  of  the  formation  of  emanation,  and 
for  other  reasons,  there  are  considerable  irregularities  in 
the  initial  periods  of  decay  and  recovery,  and  the  recovery 
appears  to  commence  from  a  minimum  and  not  from  zero 
activity. 

Rutherford  ("  Radioactivity  "). 

18.  The  activity  of  some  thorium  emanation  fell  to  one- 
half  its  initial  value  in  60  seconds.     What  is  the  radio- 
active constant  and  the  ratio  between  the  total  number 
of  emanation  atoms  and  those  changing  in  each  unit  of 
time,  when  the  emanation  and  its  parent  thorium  X  are 
in  radioactive  equilibrium  ? 

Answer     k  =  Q'0116        n0  =  O'OllG  N0 

— °  =  86-5 
n0 

k  =  2-8  X  0-3010 
60 

19.  Some  RaCl^  (0*03  gram)  of  activity,  one  thousand 
times  that  of  uranium,  was  deprived  of  its  accumulated 
emanation  by  solution  in  water  and  a  rapid  current  of  air. 
It  was  then  allowed  to  stand  air-tight  for  105  minutes. 
The  accumulated  emanation  now  removed  had  an  activity 
of  13'1  (in  the  same  units  as  above).     Find  the  radioactive 
constant  for  the  decay  of  the  emanation,  and  the  ratio  borne 
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to  the  amount  of  emanation  formed  per  second  (1)  by  the 
emanation  accumulated  in  the  dry  salt;  (2)  by  the 
emanation  accumulated  in  the  solution  during  105  minutes 
(equation  (5),  p.  253). 

Answer  mm 

(1)  480,000 

(2)  6,300. 

The  ratio  between  the  number  of  emanation  atoms 
present  after  105  minutes  (N)  and  the  number  present  at 
equilibrium  (N0)  should  first  be  found  from  the  ratios  of 
the  activities. 

The  number  formed  per  second  n0  is  obtained  on  the 
assumption  that  the  rate  of  formation  is  uniform  during 
this  relatively  short  time. 

The  required  results  follow  at  once  from  the  equation 
quoted  above. 

Rutherford  and  Soddy  (Phtt.  Mag.,  April,  1903). 

20.  In  general,  the  successive  parts  of  a  radioactive 
change  may  be  disentangled  by  aid  of  the  observation  that 
different  kinds  of  rays  (a,  /3,  or  y)  are  evolved  by  each 
change. 

In  the  case  of  radium  the  changes  :  Ra >  emanation 

and  emanation >  active  deposit  are  each  accompanied 

by  the  expulsion  of  an  a  particle.  (See  President.  Address 
Brit.  Ass.,  1911,  Sir  W.  Ramsay.) 

One  gram  of  radium  at  minimum  activity  (all  emana- 
tion removed)  expels  6'2  X  1010  a  particles  per  second, 
and  each  expulsion  means  the  change  of  one  atom  of 
radium. 

One  cubic  centimetre  of  H2  at  N.  T.  P.  contains  3'6  X  1019 
molecules  (atomic  weight  of  Ra  =  225). 

Find  the  "life"  or  time  required  for  half  transformation 
of  radium :  the  fraction  of  the  whole  number  of  molecules 
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changing  in  a  year,  and  the  time  required  to  reduce  any 
given  amount  in  the  ratio  : 

1/1  X  10-6. 
Answer    1,280  years 
5-36  X  10~4 
25,500  years. 

The  number  of  mols.  in  gram  mol.  of  H%  =  the  number 
of  atoms  in  gram  atom  of  Ra.     One  gram  of  Ra  contains 
B-6X  10"  X  22.400         . 


6*2  X  1010 

^•fi  v  10s*1  =  ^'^  *  10  ~  L1  =  fraction  decomposing  in 

1  second. 

Hence  the  fraction  of  the  original  radium  which  decom- 
poses in  one  second  and  in  one  year  can  be  found.  A 
knowledge  of  the  fraction  decomposing  in  one  year  allows 
of  the  evaluation  of  k  (t  in  years)  and  also  of  the  time 
required  to  half  transform  the  radium. 

Eutherford  and  Soddy  (Phil.  Mag.,  April,  1903). 

21.  The  radioactive  changes  of  U  into  UX,  with  the 
emission  of  a  rays,  and  of  UX  into  the  next  product,  with 
the  emission  of  /3  and  y  rays,  are  represented  in  the  usual 
manner  : 


The  changes  may  be  followed  separately,  since  the  a  rays, 
which  produce  most  of  the  ionisation,  may  be  cut  off  by  a 
sheet  of  note-paper  and  are  photographically  inactive.  The 
|3  rays  easily  pass  through  a  sheet  of  paper,  and  have  a 
strong  photographic  action. 

Soddy   (Trans.    Chem.  Soc.  (1902),  81,  460) ;    Eutherford 
and  Grier  (Phil.  Mag.,  September,  1902). 


PROBLEMS  IN  PHYSICAL  CHEMISTRY       271 

If  N  is  the  number  of  atoms  of  U,  and  Nx  the  number 
of  atoms  of  UX  present  at  radioactive  equilibrium  : 

Then         —  -=--  =  kN        j    k  and  kx  being  the 

I  radioactive  constants 
—  —~  =  kxNx       for  the  two  changes. 

Cut  } 

A1SO  ^   =  —  — r-^ 


The  "life"  or  period  of  half -transformation  of  U  into 
UX  is  109  years,  that  of  UX  into  the  next  product  is 
22  days. 

Find  the  radioactive  constants  k  and  kx  (natural  logs 
and  t  in  years). 

If  there  are  1024  atoms  in  1  gram  atom,  find  the  number 
of  atoms  out  of  each  gram  atom  of  U  which  decompose  in 
a  year ;  also  the  normality  with  respect  to  UX  of  a  solution 
in  radioactive  equilibrium,  and  normal  with  respect  to  U. 

Ritzel  (Zeitsch.  physikal  Chem.  (1909),  67,  6). 
Answer    k  =  7  X  10  ~~ 10 1  in  years. 
kx  =  12  t  in  years. 
7  X  1014  atoms  in  each  year. 
1  X  10  ~ 10  normal  with  respect  to  UX. 
Find  the  constants  from  the  usual  unimolecular  equation, 

dN 
then  note  that  -j-  is  practically  uniform  in  one  year  and  is 

AN 
equal  to  — ,  or  since  the  year  is  the  unit,  to  AN,  which 

represents  the  number  of  molecules  changed  in  a  year. 

Incomplete  Reactions. 

22.  The  reciprocal  transformation  of  ammonium  thio- 
cyanate  (NH±CNS)  into  thiourea  (NH^CS,  and  vice  versa, 
has  been  investigated  by  Waddell  (Journ.  Phys.  Chem. 
(1898),  2,  523)  and  by  Reynolds  and  Werner  (Journ. 
Chem.  Soc.  (1903),  83,  1). 
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(See  also  Walker  and  Hambly,  Journ.  Chem.  Soc.  (1895), 
67,  746.) 

The  amounts  x  of  thiocyanate   had  been  transformed' 
into  thiourea  at  the  end  of  the  times  given. 
Find  the  constants  for  the  direct  and  reverse  reactions. 
t  =  0  19         38          48  60  minutes 

x  =  2-0        6'9         10-4         12-3         13'5 
f  =  21*2  per  cent,  of  thiocyanate  transformed. 
The  value  of  a  at  the  beginning  of  the  above  experiment 
is  evidently  98  per  cent. 

Answer     ki  +  k2  —  0*0065  (0'0068  from  all  results). 

ki  =  0-0015. 

The  sum  of  the  constants  ki  +  &2  may  be  found  from 
equation  (6),  p.  254,  most  rapidly  by  plotting  the  values 
of  log  (f  —  x)  against  t.  Kesults  2, 3,  and  5  give  the  answer 
stated  above.  Afterwards  k\  may  be  found  from  equation  (4). 

23.  A  mixture   was  found   to   contain   5   per  cent,   of 
(NH^CS  and  95  per  cent,  of  NH±CNS  at  a  given  time. 
How  much  longer  is   required  for   10  per  cent,  of  the 
(NHdzCS  to  be  transformed  ?     (a  =  100;  k  =  0'0065.) 

Answer    4'47  minutes. 
(See  equation  (6a),  p.  254.) 

24.  The  combination  of  formic  acid  with  ethyl  alcohol  to 
form  ethyl  formate  is  another  example  of  an  incomplete 
reaction : 

H'COOH  +  C*H5OH  ;=±  H'COOC*H5  +  H20. 

In  the  presence  of  a  large  excess  of  alcohol  and  water 
the  reaction  is  practically  unimolecular,  and  the  equations 
on  pp.  253,  254,  may  be  applied. 

In  the  following  results  due  to  Kistiakowsky  (Zeitsch. 
physikal  Chem.  (1898),  27,  250),  x  denotes  the  amount  of 
formic  acid  esterified  at  the  end  of  t  minutes  and  f  the 
amount  transformed  at  equilibrium.  The  volume  of  the 
reacting  mixture  taken  is  the  same  throughout. 
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The  mean  value  of  the  equilibrium  constant  k  =  —, 

#2 

(equation  (7),  p.  254)  was  found  to  be  1*60. 

Plot  the  values  of  the  logarithms  of  (f  —  x)  against  t,  and 
note  that  from  the  graph  so  obtained  the  amount  of  ester 
hydrolysed  in  a  given  time  may  be  calculated. 

Also  evaluate  the  constant  ki  +  k2,  find  the  initial  amount 
of  formic  acid  (a)  present,  and  draw  the  graph  for  the 
esterification  by  plotting  a  —  £  —  x  against  t. 

t  £-* 

0  19-23 

50  1611 

100  13-46 

190  9-69 

300  6-60 

Answer     ki  +  k%  =  0-001545 
a  =  31'25. 

Use  equations  (6)  and  (7). 

25.  From  the  data  of  the  last  problem  calculate  how 
long  will  be  required  to  transform  10  per  cent,  of  formic 
acid  into  ester  and  10  per  cent,  of  ethyl  formate  into  formic 
acid,  given  that  the  initial  concentration  of  each   is  the 
same  as  that  found  above  (i.e.,  31*25  in  the  volume  taken). 

Answer    50  minutes  for  the  esterification. 

85         „         „     „  hydrolysis. 
Equations  (6)  and  (6A). 

26.  Draw  a  graph  with  the  logarithms  of  unchanged 
formic  acid  as  ordinates  and  the  times  as  abscissae,  using 
the  results  already  obtained  ;   and  compare  this  with  the 
corresponding  graph  made  by  means  of  the  constant  k\t  on 
the  assumption  that  the  reaction  goes  completely  from  left 
to  right. 

How  much  acid  will  remain  unchanged  at  the  end  of 
t  =  200  minutes  in  the  two  cases  ? 

P.O.  T 
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Answer  21*46  and  20*18  in  the  units  employed. 
In  the  first  case  f  —  x  is  found  at  t  =  200  from  the 
equation  6,  p.  254,  using  ki  +  /c2,  and  hence  a  —  x  may 
be  obtained  (since  £  and  a  are  both  known).  In  the  second 
case  log  (a  —  x)  is  found  in  the  usual  manner,  ki  being 
taken  as  the  constant  of  a  unimolecular  complete  reaction. 

27.  CH*  OH'CHi'CHz'COOH^II^CHzCHzCHtCO  + 
H%0.  Oxybutyric  acid  is  changed  into  its  lactone  at  a 
certain  velocity  in  the  presence  of  hydrochloric  acid.  The 
concentration  of  the  unchanged  acid  at  any  time  is  found 
by  titration  with  baryta,  the  difference  between  the  titre 
observed  and  that  at  the  beginning  being,  of  course, 
proportional  to  the  amount  of  lactone  formed. 

P.  Henry  (Zeitsch.  physikal  Chem.  (1892),  10,  96). 

The  concentration  of  the  acid,  after  the  lapse  of  t  minutes, 
is  expressed  as  cubic  centimetres  of  a  standard  baryta 
solution  required  for  a  given  volume. 

At  equilibrium  the  lactone  formed  =  13*28  cubic  centi- 
metres of  Ba(OH)%. 

Find  the  velocity  constant  ki  +  k%.    (See  equation  (8), 

p.  254.) 

t  c  (acid^ 

0  18-23 

21  15-84 

50  13-25 

80  11-09 

120  9-35 

220  6-67 

820  5-66 

OD  4-95 

Answer     ki  +  k<&  =  0*00411  (mean  value). 
The  equilibrium  constant  K  must  first  be  found  from  the 
above  results. 

The  velocity  curves  for  the  lactone  formation  and  hydro- 
lysis may  be  plotted  exactly  as  in  the  last  problem. 
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28.  In  cases  of  bimolecular  reactions,  such  as  that  given 
below,  -T7  at  the  beginning  of  the  direct  and  reverse  re- 
actions, and  therefore  k\  and  &2,  may  be  obtained  with 


sufficient    accuracy  from   the  mean   values  of  —  r—  over 

several  time  intervals  near  the  beginnings  of  the  reactions. 

During  these  times  the  concentrations  of  the  resultants 
(right  or  left  hand  components)  are  still  negligibly  small 
compared  to  those  of  the  reactants  (left  or  right  hand  com- 
ponents). 

From  the  following  results  of  Knoblauch  (Zeitsch.  physi- 
kal  Chem.  (1897),  22,  268),  find  the  velocity  constants  of  the 
direct  and  reverse  reactions,  and  the  equilibrium  constant 
for  the  whole  reaction. 

CHBCOOH  +  C*H5OH  ;=±  CH^COOC^H5  +  H*0. 

Esterification. 
Left  to  right. 

Initial  concentration,  1  mol.  CH3COOH  per  litre  ;  12-756 
mols.  CZH5OH  per  litre. 


t  (minutes) 

0 

44 

53 

62 


C  (ester) 

o-o 

0-1327 
0-1628 
01847 


Hydrolysis  of  ester. 

Right  to  left. 

Initial  concentration,    1    mol.   CHSCOOC2H5    per    litre  ; 
12-215  mols.  HaO  per  litre. 


t  (minutes) 

0 

78 

86 

94 


C  (acid) 

O'O 

0-0777 

0-0862 

0-0980 


T2 
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Answer     ki  =  0*000238 
A;2  =  0-0000815 
K   =  2'92. 

A(7 
The  mean  values  of  the  velocities  -r—  of  the  direct  and 

reverse  reactions  over  the  time  intervals  0—44, 0-78,  etc., 
are  0*00302  and  0*000996,  respectively. 

Hence  ki  and  A:2  may  be  found  from  equation  (10)  (Intro- 
duction, p.  255). 

Compare  the  value  of  -K"  with  that  directly  determined,  2*84. 

29.  Using  the  data  of  the  preceding  problem,  find  the 
velocity  of  the  transformation  at  the  moment  when  the 
amount  of  acid  and  alcohol  transformed  is  equal  to  one  half 
the  amount  which  would  be  transformed  at  equilibrium.  Also 
compare  this  velocity  with  the  velocity  which  would  prevail 
at  the  same  concentrations  of  the  reacting  substances,  if 
there  were  no  opposing  reaction. 

Answer    -^  (with  opposing  action)  =  0*00148 

CLtl 

dx 

-r  (without  opposing  action)  =  0*00150. 

The  amount  transformed  at  equilibrium  in  a  mixture  of 
m  molecules  of  one  reactant  with  one  molecule  of  the  other 
reactant  may  be  determined  from  the  equation  (11),  p.  281. 


_            ,      (l  +  m)K± 
Hence    £  =  - — • — 


2  (ff  -  1) 
(See  p.  133.) 

a =*•('- !)(—!)  -*•(!)' 

in  the  case  mentioned  above. 

30.  What  percentage  of  the  total  molecules  in  the  above 
mixture  are  transformed  in  both  directions,  at  equilibrium 
in  the  course  of  1,000  minutes  ? 

Answer    1*1  per  cent. 
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Consider  1  litre  of  the  mixture. 

j?  is  uniform  and  therefore  equal  to  -rr. 
at  At 

—  (mols.  per  min.)  =  fa(l  —  f )  (m  —  f  )  +  faf3. 
Total  amount  transformed  in  both  directions 

-  ^  x* 
•    At    X  fc 

31.  The  reaction: 

C*H5OH  +  CH3COOH  ' k  CHiCOOC*Ht  +  H20  can 

be  much  accelerated  by  the  addition  of  dilute  HCl. 

For  the  right  to  left  reaction : 

J  =  k,  (Ci  -  a)  (ft  -  x)  -  fa  (C'i  +  *X  ft,  ft  and 

O'i,  being  the  initial  concentrations  of  water,  ester  and 
alcohol. 

If  ft  and  C"i  are  large  in  comparison  to  C2,  the  former 
concentrations  may  be  taken  as  constant ; 

dr 

and  ^  =  fa[ft(ft  -  a)  -#C'i*], 

putting  K  =-r^. 
KZ 

By  applying  the  mathematics  on  pp.  5  and  6  it  is  seen 
that  the  integration  of  the  above  equation  gives  : 

_  2'3  ftft 

=  t(d  +  KC\) 10g  ftft  -  (ft  +  KC\)x 
A  mixture    is    made    of    100  c.c.   of    dilute  aqueous 
HCl  (D  =    1),    100    c.c.    of   C2H5OH  (D  =  0'81)  and 
10  c.c.  of    CHaCOOC2H5  (D    =   0'905).     The  density  of 
the  mixture  is  found  to  be  0*934. 

The  equilibrium    constant  K   =  -~  is  4.      Find    the 

«2 

velocity  constants  of  the  two  reactions,  and  the  amounts  of 
each  of  the  four  substances  present  at  equilibrium,  given 
that  one-fifth  of  the  ester  is  transformed  in  51*82  days. 
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First  calculate  the  concentrations  of  all  the  reacting 
molecules,  expressed  as  molecules  per  100  cubic  centi- 
metres of  the  mixture. 


Thus  C  (water)  =  =  2-73. 


Then  calculate  &2  as  above,  ki  by  means  of  K  and 
the  quantities  transformed  by  the  equation  given  on 
p.  277. 

**  =  51-822XB  6*19  X  °'2409- 

Answer     &2  =  0*00174. 
ki  =  0-00696. 

32.  How  many  molecules  of  ester  are  produced  when 
m  =  0*05,  I'O  and  8*0  of  alcohol  are  mixed  with  one  mole- 

cule of  acetic  acid  ? 

K  =  4. 

Answer  0*049. 
0-667. 
0-966. 

Use  equation  in  Problem  29,  p.  276. 

See  Mellor  ("  Chemical  Statics,"  pp.  147,  90). 

Order  of  a  Reaction. 

33.  It  has  been  found  by  the  differential  method  that 
cyanic  acid  HCNO  (gas)  polymerises  to  cyamelide  (HCNO)^ 
(solid  with  a  negligible  vapour  pressure),  according  to  the 
equation  : 

3  HCNO  =  (HCNO)3 

Van't  Hoff,  "  Chemical  Dynamics." 

In  calculating  the  value  of  n  (=  3)  the  pressures  of  the 
disappearing  gas  were  used  throughout,  instead  of  the  con- 
centrations to  which  they  are  proportional. 

The  pressure  of  a  sample  of  HCNO,  kept  in  a  vessel  at 
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constant  volume,  fell  from  188*84  millimetres  to  153*46 
millimetres  in  23  hours.  Hence,  find  the  fall  in  pressure 
of  a  similar  sample,  kept  in  the  same  vessel  for  20  hours  ; 
the  initial  pressure  being  79*07  millimetres. 

Answer     76*81  millimetres. 
Use  equation  (1),  p.  256. 

34.  A  reaction  is  known  to  be  of  the  fourth  order.     The 
time  required   to   transform   3   molecules  of  the  reacting 
substance,  which   is   present   in  the  concentration   of    15 
molecules  in  10  litres,  is  two  hours.     In  what  time  will  6 
molecules  be  transformed  out  of  a  mixture  containing  30 
molecules  in  10  litres  ? 

Answer     t  =  15  minutes. 

35.  Ferrous  chloride  is  oxidised  to  ferric  chloride   by 
potassium  chlorate,  in  the  presence  of  hydrochloric  acid. 

The  initial  concentrations  of  FeCk,  KClOa  and  HCl  were 
each  0*1,  and  the  course  of  the  reaction  was  followed  by 
the  titration  of  FeCl&  which  gives  x  =  the  change  in  con- 
centration of  the  reacting  substances  during  each  interval. 

Time  x 

(1)  0-5  0*0048 

(2)  5-15  0*0122 

(3)  35  0*0288 

(4)  60  0-0329 

(5)  110  0*0452 

(6)  170  0*0525 

Determine  the  order  of  the  reaction  by  the  method  of 
last  problems. 

From  results  (1)  and    (2)  combined   with   (5)  and  (6) : 

n  =  3-26. 
Therefore  the  reaction  is  probably  of  the  third  order. 

36.  Apply  method  (2)  (p.  256)  to  determine  the  order  of 
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Ci 

Ci  =  0-10 

Time 

Crtt 
1  —  C  i 

0-75 

0-0359 

1-0 

0-0419 

1-5 

0*0510 

2-5 

0-0618 

4-0 

0-0700 

6-5 

0-077 

the  reaction  between  FeCl3  and  SnCk,  to  form  FeCk  and 
SnCk  in  aqueous  solution,  using  the  ratios  : 

"-1  =  J,  0-5,  0-7. 

Ca  =  0-0625 

Time  C2  —  C'a 

1-0  0-01434 

1-75  0-01998 

3-0  0*02586 

4-5  0-0308 

7-0  0-0361 

11-0  0-0410 

17-0  0-0450 

Noyes  (Zeitsch.  physikal  Chem.  (1896),  19,  599). 

Answer     n  =  3'12,  3'41,  3'10. 
From  many  other  values  it  appears  that : 

2  FeCl3  +  SnCk  =  2  FeCl*  +  SnCl* 
represents  the  mechanism  of  the  reaction. 

Note. — In  order  to  obtain  fractional  decreases  of  concen- 
tration equal  to  J,  etc.,  in  the  case  of  the  two  concentrations, 
it  is  necessary  to  interpolate  the  experimental  results. 
This  is  best  done  by  plotting  on  squared  paper. 

37.  The  acids  HBr  and  HBr03  react  in  aqueous  solution 
to  form  Br2  and  H*0.  The  order  of  the  reaction  with  a 
mixture  of  the  pure  acids  alone  differs  from  that  taking 
place  with  a  mixture  containing  excess  of  H^SO*. 

Judson  and  Walker  (Journ.  Chem.  Soc.  (1898),  73,  410). 

Ostwald  (Zeitsch.  physikal  Chem.  (1888),  II.,  136). 

Meyerhoffer  (  „  „  „  „       „    585). 

The  reaction  consists  in  the  formation  of  HBrO  and 
HBrOz  followed  by  a  rapid  reaction  between  these  and  HBr. 
In  this,  as  in  other  cases,  it  is  the  velocity  of  the  slower 
reaction  which  is  actually  measured. 
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In  the  following  the  concentrations  of  the  acids  (C)  and 
of  Br%  formed  (x)  are  expressed  in  cubic  centimetres  of  a 
standard  thiosulphate  solution  required  to  reduce  the  iodine 
set  free  from  the  potassium  iodide  by  the  bromine  formed 
in  the  reaction. 


C  ti 

(1)      77*0  0 

51*33  15 


(2)          C0  =  77 


C  fa 

51-33  0 

34-22  50 

x  t 

25-1  15-0 

28-7  20-0 


Find  the  order  of  the  reaction,  and  its  velocity  constant ; 
also  write  the  ionic  equation  for  the  formation  of  HBrO  and 
HBrOz,  and  state  what  is  probably  the  order  of  the  same 
reaction,  in  the  presence  of  excess  of  H^SOi. 
Answer     n  =  4 

k  =  0'06110  and  O'Oelll 
2  H'  +  Brf  +  Br0'3  =  HBrO  +  HBrO* 
The  second  order  in  the  presence  of  excess  of  H^SOi. 
The  order  may  be  found  by  the  method  (2)  (Introduction, 
p.  256),  from  results  (1),  and  k,  from  results  (2).     When 
the  reaction  takes  place  in  the  presence  of  excess  of  H2SO^ 
the  hydrogen  ion  concentration  is  much  greater  than  that 
of  the  changing  molecules,  and  remains  practically  constant. 

Velocity  of  Diffusion. 

38.  A  ball  of  copper  was  rotated  in  nitric  acid  (D  =  1'71), 
and  weighed  from  time  to  time.  During  the  first  second 
the  weight  decreased  from  4*8465  to  4'0463  grams ;  during 
the  second  second  from  4'0463  to  3*7673  grams,  the  average 
surfaces  during  these  time  intervals  being  289*93  and  276*4 
centimetres  squared. 

What  is  the  average  attack  on  a  square  metre  of  surface, 
and  what  will  be  the  decrease  of  weight  during  the  sixth 
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second  if  the  velocity  remains  constant  (as  was  found  to  be 
the  case)  and  the  surface  is  now  reduced  to  225*15  (cm)2  ? 
Answer     10*22  grams. 

0-23       „ 
Veley  (Journ.  Chem.  Soc.  (1889),  55,  861). 

39.  The  action   of  acids   upon   marble  and  other  car- 
bonates has  been  investigated  by  Spring  (Zeitsch.  physikal 
Chem.  (1888),  13,  2). 

The  decrease  of  acid  concentration  may  be  determined 
by  titration,  or  by  measuring  the  C0%  evolved. 

Some  solid  carbonate  with  constant  surface  immersed  in 
N.  HCl  is  found  to  be  attacked  at  the  rate  of  0'091  milli- 
equivalent  per  second,  at  the  time  when  the  acid  has  lost 
one  quarter  of  its  titre. 

What  will  be  the  length  of  time  required  to  produce  this 
fall  of  concentration  if  the  thickness  of  the  diffusing  layer 
on  the  surface  of  the  marble  remains  constant  ? 

First  determine  k,  equation  (5),  p.  258,  C0— C  being 
—  0'75,  then  make  C0—C  =  —  1*0,  and  solve  for  t,  in 
equation  (6). 

Answer    0*000121  equivalents  per  second. 
t  =  39  minutes,  32  seconds. 

40.  The  rates  of   solution  of   benzoic    acid    and    lead 
chloride  were  each  found  to  be  controlled  by  the  rate  of 
diffusion  from  the  film  of  saturated  solution  surrounding 
the  solids  (Noyes  and  Whitney,  Journ.  Amer.  Chem.  Soc. 
(1897),  19,  930). 

The  solubility  of  PbCk  is  88*66  millimols.  per  litre, 
at  25°.  In  10 J  minutes  6*14  millimols.,  and  in  1  hour, 
24*58  millimols.  are  dissolved  from  a  constant  surface, 
rotating  at  constant  speed,  in  a  constant  volume  of 
the  solution.  From  the  mean  velocity  constant,  find 
the  time  required  to  arrive  within  10  per  cent,  of  saturation 
Answer  t  =  2  hours,  19  minutes. 

Use  the  integrated  form,  equation  (6),  p.  258. 
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41.  A  piece  of  marble  (CaC03),  having  a  constant  surface, 
dissolves  initially  at  the  rate  of  5  grams  per  minute,  in  one 
litre  of  normal  HCl  which  is  stirred  at  a  constant  rate. 
Find  what  volume  of  C02  (at  N.  T.  P.)  will  be  evolved  in 
20  minutes. 

Also,  in  how  many  minutes  will  the  same  volume  of  gas 
be  evolved  from  an  identical  piece  of  marble  in  2  litres 
of  the  same  acid  ? 

Answer     9*84  litres. 

10'96  minutes. 

k  S 
The  constant  k  =   -^-  may  be  found  (equations  (6),  (6) ) , 

either  from  the  integrated  equation,  or  from  the  method 
of  finite  differences. 

If  the  latter  method  is  used,  and  AC  is  the  small  decrease 
in  concentration  during  the  time  A£,  then  the  average 
concentration  during  At  is  C  +  |AC, 

AC 
and  =  c  _  JA0. 

The  decrease  in  the  acid  concentration  AC  may  of  course 
be  obtained  from  a  knowledge  of  the  molecular  weight  of 
CaCOs  (1  molecule  =  2  equivalents). 

The  value  of  k  by  the  latter  method  is  01052,  by  the 
former  0'1054. 

The  value  of  Cs  —  C  after  20  minutes  may  now  be  obtained 
in  the  usual  manner,  hence,  C  (in  equivalents)  and  the 

volume  of  C02. 

k  S» 
With   2  litres  of  the  acid,  the  constant     ~  becomes 

01064  = 

A 

The  0-8785  equivalents  of  marble  dissolved  now,  how- 
ever, only  reduce  the  concentration  of  the  acid  to  0*5608. 

Compare  also  the  times  required  to  produce  the  same 
decreases  of  concentration  in  the  1  and  2  litres  of  acid. 
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42.  The  surface  of  the  marble  in  the  preceding  problem 
was   20  (c??i)2.     If   the  diffusion   coefficient  kD  of   HCl  is 
257  X  10~7  —  gram  equivalents  diffusing  down  unit  con- 
centration gradient  in  1  second,  find  the  thickness  (in  /u)  of 
the  diffusing  film  on  the  surface  of  the  marble. 

Answer     I  =  0'44  /m. 

kj)t  the  diffusion  coefficient  given  must  be  reduced  to 
equivalents  diffusing  in  one  minute. 

;  2*°    •    /     \2     • 

kD  =  1      -  in  (cm)*  minutes. 

ko  —  105'4 

r    ~ao~- 

43.  A  surface  of  fused  benzoic  acid  having  an  area  of 
S  =  18  (cm)2  is  immersed  in  water,  stirred  at  a  constant 
rate.    It  is  assumed  that  by  this  means  the  thickness  I  of 
the  surface  film  is  kept  constant. 

The  concentrations  of  benzoic  acid  (expressed  in  milli- 
mols.  per  litre)  were  obtained  by  the  titration  of  20  c.c., 
removed  at  the  beginning  and  end  of  each  time  interval, 
At  minutes. 

The  volumes  of  the  liquid  are  given  in  the  third  column 

of  the  table  below. 

k  S 
Find  the  mean  value  of  the  constant    —-'  if  the  unit  of 

JL'o 

the  dissolving    surface  is   20  (cwi)2,   and    the    saturation 
concentration  is  24*3  millimols.  per  litre. 

Answer     2 '3. 
At  C  V 

0-75 
12  1,020  c.c. 

2-05 
15  1,000 

8-75 
13-3  980 

5-06 
Use  equation  (6),  p.  258. 
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The  three  values  of  n  0T  are  : 


2-10,  2'30,  2-10. 

Brunner  (Zeitsch.  physikal  Chem.  (1904),  47,  56). 

44.  The  diffusion  constant  kD  of  benzoic  acid  in  water 
see  equation  (1),  p.  255)  is  found  to  be  0'75.    It  is  expressed 
is  grams  per  (cm)2  per  day,  diffusing  down  a  concentration 
gradient  of  1  gram  per  centimetre. 

Find  the  thickness  I  of  the  surface  film  expressed  in  /u, 
(0*001  mm.)  (see  last  problem). 

Answer     I  =  20  p. 

Note.  —  The  diffusion  coefficient  must  be  multiplied  by 
the  appropriate  factor  to  reduce  it  from  days  to 
minutes. 

Since  the  concentration  gradient  is  expressed  in  centi- 
metres, these  must  be  multiplied  by  the  proper  factor  to 
reduce  them  to  /m. 

45.  The  following  are  the  results  of  an  investigation  into 
the  rate  of  solution  of  alabaster  (CaSOt)  in  water,  at  25°, 
when  stirred  at  the  constant  rate  of  2,285  revolutions  per 
minute. 

Bruner  and  Tolloczko  (Zeitsch.  anorg.  Chem.  (1903), 
35,  39). 

It  is  to  be  noted  that  the  rate  of  solution  increased  con- 
binually  with  the  rate  of  stirring,  without  attaining  a 
maximum.  The  thickness  of  the  surface  film  as  calcu- 
lated below  only  holds  good,  therefore,  for  that  particular 
rate. 

Volume  of  solution  ==  1  litre. 
Surface  of  alabaster  =  81'65  (cm)2. 
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Saturation  concentration  =  0*1047   gram   of   CaSO^  in 
50  c.c. 


t  (hours) 

C  (grams  in  5 

0 

0-0004 

0-083 

0-0274 

0167 

0-0492 

0-200 

0-0566 

0 

0-0270 

0-083 

0-0480 

0-167 

0-0632 

0-25 

0-0736 

J 

Find  the  constant  for  the  particular  reaction,  i.e.  ~r 

(equation  (6)). 

Answer    0'0512. 

46.  The  diffusion  constant  of  CaSO*  may  also  be  calcu- 
lated from  the  ionic  mobilities  by  means  of  the  formula 
(Nernst)  : 


K  =  0-04485  u**u**[i  +  0-0034  (t  -  18)]  . 

UA  +  UK  days. 

Compare  this  with  kD  given  in  next  problem. 

/         \2 

47.  The  value  of  kDin  ^m'  is  1'45.     Find  the  thickness 

of  the  diffusing  film  of  CaSOi  by  means  of  the  constant 
previously  obtained,  i.e.  kD/l  in  Problem  45. 

Answer    I  =  5'0  /x. 
See  preceding  problems.      The  mean  value  of 


for  1  (cm)2  of  surface  is  first  determined  from  the  experi- 

k 
mental  data  ;  hence  ~-  (V  in  c.c.).     The  diffusion  constant 

is  then  reduced  from  days  to  hours  and  "I"  obtained  in 
centimetres. 

*  UA.  =  38    UR  =  62. 
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Acetylene,  maximum  temperature  of  combustion,  38 
Acidity,  from  conductivity  of  acetic  acid,  carbonic  acid,  sodium 
phosphate,  pure  water,  acids  and  alkalis,  170 — 173 

reduction  of,  by  addition  of  acetate,  173 

and  constants  of  indicators,  172,  173 

and  neutral  point,  172 
Additive  relations,  property  and  composition,  I.  79,  80 ;   P.  80 
Affinity  of  water  for  sulphuric  acid,  122 

of  crystal  water  for  salts,  122,  123 
Atmospheric  pressure,  16 
Atomic  weights,  13,  14 

B 

Bimolecular  reactions,  I.  250 
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Boiling  point,  elevation  of,  and  molecular  weight,  94 — 96,  99,  100 
constant  of,  95,  96 

and  correction  to  normal  pressure,  67,  68,  78 
calculation,  by  Ramsay- Young  rule,  68,  69 

C 

Calorific  power.     See  Heat. 
Carbon,  heat  of  combustion,  25 — 28 

monoxide  and  dioxide,  heats  of  formation,  25 — 27 

heats    of   transformation    of   al- 

lotropic  forms,  35 

maximum  temperature  of  combustion,  38 
heat  of  combustion  at  0°  abs.,  39 
Cell  constant.     See  Electrolytic  conductivity. 
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of  I2  and  KI,  242 
of  Ag  salts  and  NHSi  242,  243 
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Complex  formation  constants  of  AgCl  and  NH5,  206 — 208 

Eg  and  alkali  halides,  208 — 211 

Components,  systems  of  one,  two,  etc.     See  Phase  rule. 
Concentration,  determination  from  conductivity  : 

salts  in  natural  waters,  167 

silver  chloride,  lime,  etc.,  195 
Conductivities,  ionic,  table,  I.  159,  160 
Conductivity.     See  also  Electrolytic. 
Coulomb -meters,  182 
Current  efficiency,  181,  182.     See  also  Migration  ratio,  188 — 190 


Decomposition  potential.     See  Potential. 

Density  and  composition  of  sulphuric  acid  and  water,  hydro- 
chloric acid  and  water,  ammonium 
nitrate  and  water,  80 
of  tin,  lead  alloy,  81 
of  vapours,  51,  53 
limiting,  of  gases,  65 — 58 
of  liquid  and  molecular  volumes,  63 

and  vapour,  law  of  rectilinear  diameter,  69,  70 
of  solutions  and  ion  moduli,  92 
Differentiation,  I,  3,  4 
Differentials,  standard  forms,  I.  5 
Diffusion  layer,  thickness  of,  285,  286.     See  also  Velocity. 

potential.     See  Potential. 
Dilute  solutions,  lowering  of  vapour  pressure,  I.  82 

latent  heat,  change  of,  boiling  point  and  freezing 
point,  I.  83,  84,  85.     See  also  Osmetic  pressure, 
P.  92  seq. 
Dissociation  of  carbonates,  ammonia  compounds,  hydrates,  149 — 

151 

electrolytic.     See   Electrolytic,   Conductivity,   etc. 
Distillate,  composition  of,  from  mixed  liquids,  118 — 121 
Distillation  by  steam,  119,  126 
Distribution  ratio,  I.  160,  161 

of  iodine,  192,  193 


Electrical  energy  of  copper  deposition,  235 
Electrical  and  chemical  energy  : 

of  lead  accumulator,  221 — 224 

of  alkaline  calomel  cell,  222 

of  Daniell  cell,  220 

of  hydrogen  chlorine  cell  and  silver  bromine  cell,  219,  220 

of  standard  ceUs,  223 
Electrical  work  and  heat  of  reactions,  I.  213,  214 

and  chemical  affinity,  I.  218 
Electro-chemical  equivalents,  I.  12,  17,  181,  182 
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Electrolytes,  conductivities  of  mixtures,  I.  154 — 157,  174 — 176 

isohydric  solutions  of,  174- — 176 
Electrolytic  alkali,  188—190 

conductivity,  change  with  temperature,  166,  167 
of  mixtures,  177 

maximum  of  sulphuric  acid,  168 
from  experimental  measurements,  163, 

164 

of  mixtures,  177 
dissociation,  constants  of,  I.  153,  154 

acetic  acid  and  ammonia,  carbonic 

acid,  strong  acids,  168 — 170. 
definitions  of,  I.  152,  153 
degree  of,  in  the  case  of  some  salts,  170, 

171. 
Electromotive  force,  affinity  and  equilibrium  constant  of  alkali, 

acid,  cell,  245 
of  hydrogen,  oxygen  and  hydrogen  bromine 

combination,  243 — 245 
of  silver  oxygen  combination,  243 
and  heat  of  silver  chlorine  combination,  250 
t  and  concentration,  I.  214,  215 

of  accumulators,  224,  225 
of  amalgam  cells,  229,  230 
of  calomel  cells,  228,  229 
of  Daniell  cells,  233 
of  hydrogen  chlorine  cells,  227 
of  hydrogen  acid  cells,  231 
of  silver  cells,  225,  226,  235 
of  silver  zinc  cells,  234 
of  accumulator,  222 — 224 
of  cadmium  cell,  223 
of  Clark  cell,  223 
temperature  coefficient,  I.  214 
Energy,  conservation  of,  17 

efficiency  of  accumulators,  248,  249 
units  of,  I.  10,  11;    P.  16,  17 
Electrical  units,  12,  13 

Equivalent  conductivity  from  ionic  mobility,  164,  166 
Esterification  velocity  and  constants,  277 
Expansion,  thermal,  of  gases,  53,  54 


Faraday's  laws.     See  Electrochemical  equivalents. 

Freezing  point,  lowering  of,  and  molecular  weight,  I.  84,  85,  93, 

94,  96,  99 
constant  of,  96 

G 
Gas  compressor,  60 

ignition  by  compression,  62 
P.O.  U 
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Gas  laws,  I.  44 — 46 ;    P.  50  seq. 
manometers,  55 
mixtures,  I.  &  P.  78,  79 
reactions,  maximum  work  and  affinity  : 

carbon  monoxide  to  carbon  dioxide,  141 
carbon  to  carbon  monoxide,  141 — 144 
hydrogen  to  steam,  145 

Gases,  degree  of  dissociation  and  equilibrium  constant,  I.  125  seq. 
degree  of  dissociation  and  constant,  of  nitrogen  peroxide, 

hydrogen  iodide,   chloride  sulphide,   steam,  131 — 139 
equilibrium  constant,  temperature  and  yields : 
Deacon  process,  140,  141 
sulphur  trioxide,  145 
water  gas,  145 

equilibrium  constant,  affinity,  and  temperature,   146,   147 
hydrogen  iodide,  146 
iron  oxide  and  hydrogen,  147,  148 
ammonium  hydrosulphide,  148,  149 
solubility,  193,  194 

H 

Heat  of  combustion  of  carbon  monoxide,  27,  142 
of  hydrogen,  39 
in  bomb  calorimeter,  42 
values  of  coal  and  gases,  43,  44 
of  dilution,  29,  31 — 33 

in  saturated  solution,  29,  33 
of  sulphuric  acid,  31,  32 
of  fusion  of  copper  and  ice,  36 

and  pressure,  77 
of  hydration  of  salts,  122,  123 
of  mixture,  aldehyde  and  alcohol,  31 
of  neutralisation.     See  Neutralisation, 
of  precipitation  of  calcium  chloride  hydrate,  124 
of  reaction  and  specific  heats,  20,  21 

at  constant  pressure  and  volume,  I.  18 
change  with  temperature,  18,  19 
of  reduction,  iron  oxide  by  hydrogen,  41 

zinc  oxide  by  carbon,  37 
of  transformation,  ammonium  nitrate,  78 
carbon,  38 
sulphur,  36,  77 

and  work,  maximum  of  dilution,  I.  89,  90 
of  vaporisation,  vapour  pressures  and  specific  volumes,  76 
Heats  of  solution,  copper  chloride,  33 

magnesium  sulphate,  40 
sodium  nitrate,  33 
sulphuric  acid,  40,  41 
differential,  I.  28,  29 

Heats,  specific,  change  with  temperature,  I.  19,  20 
and  heat  capacities,  34,  35 
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Heatfl,  specific,  mean,  I.  20 

ratio  of  Hp  to  Hv,  61 

Hydrion  concentration  of  acids,  alkalis  and  mixtures,  170 — 174 
and  constants  of  indicators,  172,  173 
of  acetic  acid,  acetate,  181.      See  aUo 
Acidity. 
Hydrogen  chlorine  cell,  231,  232 

electrode,  230—232,  233 

normal  potential,  233 
in  acid  and  alkali,  245 
heat  of  combustion,  25 — 28,  39 
Hydrolysis  equations,  I.  157,  158 
of  salts,  178—181 


Incomplete  reactions,  ammonium  thiocyanate,  272 
ethyl  acetate,  275 — 278 
ethyl  formate,  272,  273 
oxy butyric  acid,  274 
Integration,  I.  4,  5 
Integrals,  standard  forms,  I.  5,  6 
Iodine,  thermochemistry  of,  22 

and    hydrogen,    equilibrium    constants    and    affinity 

combination,  132,  133,  146 
Ionic  conductivities,  table,  I.  159,  160 

velocities  from  electrolytic  mobilities,  164,  165 
from  motion  of  boundaries,  186,  187 
lonisation  of  water,  heat  of,  191 
degree  of,  172 


Kinetics,  chemical,  I.  249  seq. 


Latent  heats.     See  Heats. 
Litre  atmosphere,  16 
Logarithms,  I.  2,  3 


M 


Manometer.     See  Gas. 

Mechanical  equivalent  of  heat,  11,  16 

Metric  system,  I.  9 — 11 

Migration  ratio,  definitions,  etc.,  I.  158,  159 

determination  of,  by  analysis,  183 — 185 
by  motion  of  boundaries,  186,  187 
in  technical  electrolysis,  188 — 190 

Mixture  law.     See  Additive. 

Mixtures  of  liquids.     See  Vapour. 
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Mobile  equilibrium,  principle  of,  I.  49 

and  distillation,  I.  89 
Molecular  volumes  of  liquids,  63 

weights  from  vapour  density,  51 — 53 

from    elevation    of    boiling    point,    etc.     See 
Dilute  solutions. 

N 

Naphthalene,  heat  of  combustion,  26 

use  in  calorimetric  bomb,  42 
Neutralisation  of  acids,  heat  of,  192 
Normal  potentials.     See  Potentials. 

O 

Optical  rotation,  I.  90,  91 ;  P.  91.     See  also  Velocity. 
Order  of  a  reaction,  I.  255,  256 

of  reactions,  cyanic  acid  and  cyamelide,  278 

ferrous  and  ferric  chloride  and  chloric   acic 

278 

ferric  chloride  and  stannous  chloride,  280 
hydrobromic  and  bromic  acids,  280,  281 
Osmotic  pressure  of  dilute  solutions,  I.  81 

and  lowering  of  freezing  point,  I.  82 ;  P.  93 
and  lowering  of  vapour  pressure,  92,  97 
Over-voltage  of  hydrogen  on  zinc  and  nickel,  236,  237 
Oxidation  and  reduction  potential  of  ferric  and  ferrous  iron,  246 
247 


Partition,  coefficient.     See  Distribution,  ratio. 
Phase  rule  relations,  I.  86 

carnallite,  113 — 117 

p.  toluidine  and  phenol,  105 — 109 

phenol  and  water,  101 — 104 

sodium  and  potassium  chlorides  and  water 

111—113 

sodium  sulphate  and  water,  109  seq. 
Polymolecular  reactions,  I.  251 
Potential,  decomposition  of  hydrochloric  and  hydrobromic  acids 

234 

and  solubilities  of  lead  halides,  236 
of  silver  chloride,  235,  236 
diffusion.  I,  216,  217 

of  various  electrolytes,  226,  227,  229 
oxidation  and  reduction,  I.  217 
single  and  normal,  I.  215,  216 

single,  of  the  mercury,  mercuric  oxide  electrode,  237 
of  ferrous  and  ferric  iron,  247 
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Potential,  single,  of  the  normal  hydrogen  electrode,  233 
Potentials,  table  of,  normal,  I.  218,  219 
Producer  gas,  thermochemistry  of,  25 

R 

Radioactive  constants,  radium  emanation,  269 
thorium,  267,  268 
uranium  and  uranium  X,  271 
Radioactivity,  I.  251 — 253 

times  of  decay  and  recovery,  radium,  269,  270 
radium  emanation,  267 
thorium,  267 

Reactions,  order  of.     See  Order. 
Rectilinear  diameter.     See  Density. 
Reduction  heat  of  ferric  oxide  by  aluminium,  21 

zinc  oxide  by  carbon,  37 
Rotation  of  plane  of  polarisation,  I.  90,  91 


Salts,  solubility,  etc.     See  Phase  rule. 

Saponification.     See  Velocity. 

Solder,  density  and  composition,  80 

Solubility  from  conductivity,  calcium  oxalate,  calcium  hydroxide, 

silver  nitrate,  194,  195 
of  gases,  193,  194 
and  heat  of  solution,  carbon  dioxide,  211 

of  slightly  soluble  acids,  etc.,  212,  213 
increase  on  addition,  ammonia.    See  Complex  formation, 
product,  I.  162 

of  lead  and  barium  salts,  198,  199 
of  silver  salts  and  hydroxide,  199 — 201 
of  calcium  carbonate,  201 — 204 
of  sodium  bicarbonate,  204 — 206 
products  from  measurements  of  potential,  239 — 241 
of  sparingly  soluble  acids,  195 — 197 
Solution  reactions,  equilibrium  constant,  I.  151 
Specific  heats.     See  Heats. 

gravity.     See  Density. 
Steam  dissociation.     See  Gases. 
Strength  of  acids.     See  Electrolytic  dissociation. 
Sulphur,  thermochemistry  of,  22,  23 
Sulphuric  acid,  thermochemistry  of,  23 — 25 

integral,  etc.,  heats.     See  Heats. 
Surface  tension  of  liquids,  I.  64 

and  molecular  complexity,  65,  66 
Symbols,  I.  6 — 8 


Thermite  reaction,  copper,  37 
iron,  21,  38 
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Thermodynamics,  first  law,  17,  18 
second  law : 

allotropic  change  of  sulphur,  77 
energy  cycles,  58,  59 
fusion,  I.  48;  P.  72,74,77 
gases,  I.  46 
vaporisation,  I.  48;  P.  71 

Thermometers,  gas,  53,  54 

Transport  number.     See  Migration  ratio. 

U 

Units,  C.G.S.,  I.  10,  11 
conversion,  I.  11 
dimensions,  I.  9 
electrical,  I.  12,  13 
metric,  I.  9 
Unimolecular  reactions,  I.  256 

complete  method  of  calculation,  259 
incomplete,  I.  253,  254 


Vacuum  correction.     See  Weights. 

Vaporisation  of  mixed  liquids,  I.  87,  88,  P.  117 — 121 

Vapour  pressures  of  liquids,  I.  66 

of  ethyl,  alcohol,  etc.,  67,  68 
pressure,  lowering  and  molecular  weight,  97,  98 
Velocity  of  chemical  change,  I.  249,  250  seq. 
of  diffusion,  I.  257,  258 
of  corrosion,  copper  and  nitric  acid,  marble  and  acids, 

281—284 

of  decomposition  of  arsine,  260,  261 
of  inversion  of  cane  sugar,  260,  262,  263 
of  ions,  165 

of  saponification,  263 — 266 
of  solution  of  lead  chloride,  benzoic  acid  ana  ca  cium 

sulphate,  282,  284 — 286 
of  sound  in  gases,  I.  46 ;  P.  60 

and  specific  heats,  61,  62 
Volumes  of  liquids,  molecular,  63 

W 

Water  gas  thermochemistry,  27,  28 

equilibrium  constant,  145 
Weighing  correction  to  vacuum,  14,  15 

Z 

Zero,  absolute,  by  gas  thermometer,  53 
Zinc  oxide,  heat  of  reduction  by  carbon,  37 
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